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Abstract

Ti—Al based alloys have been widely used in the aeronautics and aerospace. Adding alloying element Zr can significantly
improve their high-temperature endurance and corrosion resistance. To investigate the influence of the addition of element
Zr on the properties of the Ti—Al system, ab initio calculations and the CALPHAD (CALculation of PHAse Diagrams)
method were used to evaluate the Ti—Al-Zr ternary system. Ab initio calculations were carried out to calculate the formation
enthalpies of intermetallic compounds and end-members. CALPHAD approach was employed to optimize the
thermodynamic parameters based on experiments. The experimental data of phase equilibria at 1073, 1273, 1473, and 1573
K, as well as a vertical section of the Ti, AI-Ti + 5 wt.% Zr were used to assess this system. The thermodynamic parameters
of the binary Ti-Al, AI-Zr and Ti—Zr systems were acquired from recent assessments, and the ternary ones were evaluated
in the present work. The Ti-Al-Zr ternary dataset has been established and the calculated results are in close agreement

with the experimental data on both thermodynamics and phase equilibria.
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1. Introduction

Ti—Al based alloys are widely applied in the
aeronautics and aerospace, owing to their good high-
temperature  strength and outstanding oxidation
resistance, low density, and low thermal [1-4]. However,
the poor room temperature ductility and fracture
toughness of Ti—Al alloys significantly limit their
applications [5-7]. The addition of elements has been
used to improve the mechanical performance of alloy
materials for a long time [8-11]. Recently Hashimoto [12]
found that the addition of Zr increases the high-
temperature endurance and superior corrosion resistance
for the Ti—Al base alloys. Furthermore, the addition of Zr
also improves ductility and toughness, and thus enhances
the processability of Ti—Al base alloys at room
temperature [13-15]. The experimental results indicated
that Zr could stabilize the highly symmetric cubic
ZrAl,_L1, crystal structure which improves ductility and
toughness against the low symmetric tetragonal
TiAl,_DO,, structure [15]. The ZrAl, phase may serve as
potential nucleation core for a(Al), thus resulting in a
homogeneous  microstructure ~ with  improved
machinability of the related Ti—Al alloys [16].
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The knowledge of thermodynamics and phase
diagrams are constructive in material design, research,
and development, especially for the development of
the complex alloys [17]. Therefore, the information
about phase diagrams of the Ti—-Al-Zr system is
significant for the design and fabrication of Ti—-Al-Zr
alloys. So far , there are only a few thermodynamic
data and phase diagram data about Ti—Al-Zr system.
Ab initio calculations is an effective method to obtain
reliable thermodynamic data [18, 19]. The limited
experimental data combined with ab initio
calculations results are more effective for
optimization. After the Ti—Al-Zr dataset is obtained, it
can be used as a guidance for the experimental work
to significantly reduce costs and resources. Hence, a
thermodynamic assessment of the ternary Ti—-Al-Zr
system is necessary.

2. Literature review
2.1 Ti-Al

There are seven intermetallic compounds in this

binary sytem, i.e., Ti,Al(a,), TiAl(y), Ti,Al, TiAL(n),
Ti,Aly(C), TiAl,(h) and TiAl (1). Their crystallographic
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data are summarized in Table 1. ‘h’ represents the
high-temperature phase and ‘I’ represents the low-
temperature phase for TiAl, phase. Their Pearson
symbol and lattice parameters are different. The
researchers [20, 21] assessed the experimental results
[22-24], calculated phase diagrams [25-27], and
proposed a quite similar phase diagram. Most
recently, Witusiewicz et al. [28] reported a
thermodynamic description of the Ti—Al system
which can reproduce the majority of experimental
data on phase equilibria and thermodynamic
properties. Therefore, the thermodynamic functions
assessed by Witusiewicz et al. [28] were accepted in
the present work. The Ti—Al binary phase diagram is
shown in Fig. 1 (a).

2.2 Al-Zr

There are ten intermetallic compounds in this
binary sytsem, i.e., Zr,Al, Zr,Al, ZrAl,, Zr,Al,
Zr Al ZrAl, ZrAl, Zr Al,, ZrAl, and ZrAl,. Their
crystallographic data are summarized in Table 1. The
phase equilibria data before 1992 were reviewed and
summarized by Murray [29] and then revised by
Okamoto [30] to include the new results of Peruzzi
[31]. Batalin et al. [32] determined the activity of Al
in Al-rich liquid alloys at 1123 K. Klein et al. [33]
determined the standard enthalpy of formation for the
ZrAl, phase from the calorimetric measurement.
Meschel and Kleppa [34] measured the standard
enthalpies of ZrAl, and ZrAl, again by direct
synthesis calorimetry at 1473 K. Esin et al. [35]
measured the enthalpies of Zr,Al,, ZrAl,, and ZrAl, in
the temperature range 300 to 2000 K. Wang et al. [36]
optimized the Al-Zr binary system combined with
previous work, and the results are in good agreement
with the experimental data [31, 37, 38]. Therefore, the
optimized parameters done by Wang et al. [36] are
adopted. The Al-Zr binary phase diagram is shown in
Fig. 1 (b).

2.3 Ti-Zr

There are no intermetallic compounds in this
binary system. The phase relationships of the Ti—Zr
system are relatively simple. There are only three
stable solution phases in this system, i.e., the liquid,
bee, and hep phase. It is characterized by two
congruent transformations: liquid to bce, and bee to
hep, The system was critically evaluated by Murray
[44, 45], and then it was optimized based on the
available experimental data [46, 47] by Hari Kumar et
al. [48]. The results show a good agreement with
experimental data [46, 47]. The thermodynamic
description of the Ti—Zr system reported by Hari
Kumar et al. [48] is chosen in the present work. The
Ti—Zr binary phase diagram is shown in Fig. 1 (c).

2.4 Ti-Al-Zr

Shirokova et al. [49] determined the Ti,Al-Ti + 5
wt.% Zr vertical section of the Ti-Al-Zr system with
Equilibrated Alloys (EA) and Microanalysis (MA)
methods. Numerous samples with different
compositions were prepared and annealed at 1073 K
for 1100 hours. The microstructure of each alloy was
obtained by MA, followed by the Thermal Analysis
(TA) to determine the phase boundary of a, a,(Ti,Al),
b, and liquid phases. Kainuma et al. [50] measured the
phase equilibria in the Ti-rich corner of the Ti—-Al-Zr
system at 1273, 1473, and 1573 K by Electron Probe
Micro Analysis (EPMA). Yang et al. [51] investigated
the phase equilibria at 1273 K through alloy sampling
combined with EPMA and XRD. The BSE images
and XRD results intuitively reflected the phase
regions. The composition of each phase was obtained
by EPMA (Standard deviations of the measured
concentration is + 0.6 at.%), and thus the phase
boundary was determined. The works of Yang et al.
[51] were assessed to be more reliable than others [52,
53] due to the intuitive and accurate experimental
results, higher emphasis would be placed on these
data [51] in the present optimization. More recently,
L et al. [52] determined the phase relationships at
1073 K (temperature error is within + 5 °C) using
equilibrated alloys and diffusion couple approach.
They declared that there were two three-phase regions
of TiAl + Ti,Al + b(Ti, Zr) and TiAl + ZrAl, + b(Ti,
Zr) in the diffusion couple. However, there were no
obvious contrasts in the BSE images and no XRD
patterns were presented for equilibrated alloys or
diffusion couples. The two three-phase regions [52]
remained uncertain and thus were not considered in
the present work. Instead, we used other phase
equilibria data [52] with solid evidences in the
optimization. Ghosh et al. [53] calculated the
enthalpies of formation along the TiAl,—ZrAl, section.
They only calculated five different points and there
was no experimental data to support their results [53].
Therefore, we did not accept their data [53] in the
present work. According to the reported data [50-53],
no ternary compound exist in the ternary system.
Table 2 summarizes the experimental data of the Ti-
Al-Zr system accepted in the present optimization.

3. Methods and models
3.1 Ab initio calculations

The ab initio calculations based on density
functional theory were carried out using the Vienna ab
initio simulation package (VASP) [55], wherein
projector augmented plane-wave potentials were
employed [56]. The generalized gradient
approximation (GGA) method was performed with
the Blochl corrections for the total energy [57]. A
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Table 1. List of symbols and crystallographic data of the phases in the Ti—Al-Zr system

Phase Space Group Pearson Proto—type Lattice parameters (A) References
symbol a b P

a(Al) Fm3m cF4 Cu 4049 | 4.049 | 4.049 | Al5 vol.% AI3Zr [39]

a(Ti) P63/mme hP2 Mg 2.95 205 | 4.684 Pure oTi [40]

a(Zr) P63/mme hP2 Mg 3232 | 3232 | 5.148 Pure oZr [40]

B(TI) Im3m o2 W 3307 | 3307 | 3.307 Pure BTi [41]

B(Zr) In3m o2 W 3.609 | 3.609 | 3.609 Pure BZr [41]

. . 5806 | 5.806 | 4.655 [42]
Ti,Al(02) | P63/mme hP8 NB3SH 5030 [ 5739 | 4.645 This work (cal.)

) 2829 | 2.829 | 4.071 24]
TiAle) P4/mmm th4 CuAu 2829 | 2829 | 4071 This work (cal.)

Ti Al P4/mbm P32 TiAl |1 'f% 1 '393 4'(13 8 [2_8]

) 3.97 397 | 24.309 [24]
TiALm) Hl/amd t24 HiGa, =567 3967 | 24.273 This work (cal.)
Ti,AL(Q) P4/mmm tP28 TLAL | > '9_05 3'9_05 29'_196 [Zj‘ ]

) ) 3.863 | 3.863 | 8.648 [43]
TiAl(h) [4/mmm 8 Tialh) —7s 385 | 8.625 This work (cal.)
TiAL(l) 14/mmm 1132 TIAL() | > '287 3‘575 33;84 [473]

- 4373 | 4373 | 4373 21]

Zral Pm3m cb4 CuAl 5% T ass2 | 4382 This work (cal.)

. 4882 | 4882 | 50918 [29]
ZrAl P63/mme hPo Ni,In 4906 | 4906 | 5.934 This work (cal.)
_ . 11.042 | 11.042 | 5.393 [29]

ZrsAl, H/mem 132 WSk 1078 | 11,078 | 5.386 This work (cal.)
7632 | 7.632 | 6.997 [29]

ZrAl, P42/ mnm tP20 ZrAl 675 T 7675 | 6.963 This work (cal.)
5.43 5.43 539 [29]

ZrAl; P6/mmm hP7 ZAAL S 5444 | 5408 This work (cal.)
. 8447 | 8447 | 5.785 [29]

ZrsAl, P63/mem hP18 GaTis 5463 | 8463 | 5795 This work (cal.)
3.36 1089 | 427 [29]

Zral Crmenm oC8 CrB 3352 | 10.946 | 4.302 This work (cal.)
9.601 | 1391 | 5.578 [29]

ZrAl, Fdd2 oF40 ZoAl g 3T T 13.055 | 5.59 This work (cal.)
5.8 5.8 8.748 [29]

ZrAl, P63/mme hP12 MeZn, 5501 | 5201 | 8.789 This work (cal.)
401 401 17.3 [29]

ZrAl, [4/mmm 16 ZeAL 4018 | 4018 | 17336 | This work (cal)

plane-wave cutoff energy of 550 eV and an energy
convergence criterion of 0.01 meV for electronic
structure self-consistency were used. The integration
in the Brillouin zone was performed on appropriate .-
points, which was determined according to the
Monkhorst-Pack method [58]. All structures are
relaxed with respect to atomic positions and volumes.
In the present work, the formation enthalpy,
AH(Me Al ,Me=Ti or Zr) at 0 K is expressed by the
following equation:

AHMe Al) = E(Me Al) — [x, E(Me) +x, EAD] (1)

Where E(Me Al ), denote the total energy of
Me Al . E(Me) and E(Al) are the energies of pure
clement for particular reference state. x,,, (Me = Ti or
Zr) is the atomic fraction of the component.

3.2 CALPHAD

The CALPHAD-type modeling was performed
with the step-by-step optimization procedure
described by Du et al. [59]. The reliable experimental
data and the enthalpies of formation for the
compounds via ab initio calculations were employed
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Figure 1. The calculated phase diagram of (a) Ti-Al [28], (b) Al-Zr [36] and (c) Ti—Zr [48] binary systems

Table 2. Summary of the phase equilibria and thermodynamic data in the Ti—Al-Zr system
DC = Diffusion couples; EA = Equilibrated alloys;, EPMA = Electron probe microanalysis; XRD = X-ray
diffraction; TEM = Transmission electron microscopy; MA = Microanalysis.; TA = Thermal Analysis

Reference Type of data Method
Shirokova et al. [49] Vertical section of the Ti3Al to Ti+5%Zr(mass fraction) EA, MA & TA
Kainuma et al. [50] Partial isothermal sections at 1273, 1473 and 1573K in the Ti-rich EA & EPMA

corner

Premkumar et al. [54]

Phase relationships of aTi, bTi and g(TiAl) at 1473K

EA, XRD & TEM

Yang et al. [51]

Isothermal sections at 1273K

EA, XRD& EPMA

Lii et al. [52]

Isothermal sections at 1073K

DC, EA, & EPMA

as input data. The evaluation of the thermodynamic
parameters was performed by the optimization
program PARROT [60] of the Thermo-Calc software,
which works by minimizing the square sum of the
differences between measured and calculated values.
Thermodynamic models used in the CALPHAD-type
modeling are listed as follows.

3.2.1 Unary phases

The Gibbs energy function°G? (T') = G?(T) — H>™
for element i (i=Ti, Al, Zr) in the phase ¢ (p=liquid,
bce A2, hep A3 and fcc Al) is expressed by the
following equation:

G'T)=a+bxT+cxTxInT+

2
AxT? +exT™ + fxT? +gxT" +hxT"” @

Where is the molar enthalpy of the element 7 at
298.15K and 1 bar in its standard element reference
(SER) state, and T is the absolute temperature. In the
present modeling, the Gibbs energies for pure
elements (Ti, Al, Zr) were taken from the compilation
by Dinsdale [61].

3.2.2 Solution phases

The Gibbs energies of solution phase ;j are
expressed by the following equation:

G’ -H"" = Zx,. °G? + RTZx[ In(x,)+ “G* (3)

i=1 i=1

in which A5 is the abbreviation of x,, Hy; +x,°
Hy"+x,-Hy®, x, is the mole fractions of component
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i (i=Ti, Al, Zr).°G’ is the Gibbs energy for pure
element i (i=Ti, Al, Zr) in the phase ¢. R is the gas
constant. “G? is the excess Gibbs energy of the phase
@, which is described by Redlich—Kister polynomial
[62]:

ex g _ ¢ 4
G’ = xTixAILTi,AI +xTierLTi,Zr +

. . (4)
X X5 Lo 7+ XX 4 X, LTi,Al,Zr
n
o _N\mye m
L, = Z Ly (x; = x;) (%)
m=0
(4 — Ore Ire 210
Lz =% Liwze %0 Loz %5 Lz (6)

Where L7, (i, j=Ti, Al, Zr, and i # j) are binary
interaction parameters between i with j; L7, ,, ;. is the
ternary interaction parameter to be evaluated in the
present work.

3.2.3 Intermetallic compounds

In the present work, the intermetallic compounds
in the Ti—Al-Zr are divided into three types. The first
type, such as the ZrAl and Zr,Al, phases, is modeled
as stoichiometric compounds. The Gibbs energy of
each compound is given by the following expression:

G o, HE o = .

A+B-T+x, °G) +x, °GLe

in which 4 and B are to be evaluated.

The second type, i.e., (Zr,Ti),Al, (Zr,Ti),Al,
(Zr,T¥)5Al3, (Zr,Ti),Al, (Zr,Tl) AL, Zr(A.l,Tl)2 and
(Zr,Ti)Al,, only one sublattice can be substituted. The

Gibbs energy of these phases are given by the
following expression:

OGI(T,ZR Tl = y‘Zr GgZDr:Al + y;YG%:AI + (8)
XRT (yy, Iy, + v, 0 95) + ¥ Vi Ly i
OGrirX(ALTl)y = y;ll Ggr:Al + y;t G;r:Ti + (9)

YRT (v Iy, + v nyp) + Vv °Ly

Where x, y denote the number of sites in each
sublattice, V. and Yy represent the site "fractions of Zr
and Al on the first sublattice, Y, and y, represent the
site fractions of Al and Ti on the second sublattice.
G 4 Gry ,and GJ. are the molar Gibbs
energies of the end-members in the phase°r ;. , and
°L.,., representinteraction parameters between Zr
and Al in the first sublattice and Al and Zr in the
second sublattice, expressed by the Redlich-Kister
polynomials.

The third type, in which two sublattices are
substituted, is modelled as (Ti, Al, Zr) ( Ti, Al,
Zr)_, where the first sublattice is mainly occupied
by xfi, the second by Al. x, y denote the number of
sites in each sublattice. The Gibbs energy of the
phase per mole-formula can be expressed as
follows:

°Gy = VY5 Ghigi + V1Y uGhon + VY0 G +
y;11y;iGj1;T1 + y;lly;/GﬁzzAl + y;lly;r Gl

SR G R G/ O DA € s
XRT(yy Iy, +y, Iny, +v,ny,)

+YRT (yy, Iy, + v, Iny, + v, Iny, )+
Yo Lo ¥ ViV V2 “Lras 2

VY a¥a Liaa + VY aVn “Lign +

ViV “Loain ¥ V¥ auVn "Lan

Where Y}i ,y;;/ and y‘Z, represent the site"fractior"ls of
Ti, Al and Zr on the first sublattice.Vr , ¥,, and V.
represent the site fractions of Ti, Al and Zr on the
Second Sublattice' G;;’:Ti s Gl(ei:Al s G;"i:Z;-’ G;IPI:TDG;I:AI) Gﬁl:Zn
G}..i,Gy.  and Gy, 4, are the molar Gibbs energies of
the end-members in the phase . The interaction
between two species in one sublattice is assumed to be
independent of the occupation of the other sublattice.

(10)

oo ore ofe ore ofe
LTi,Zr:A[ > LTf:A[)Zr s Lz"i,A]:A] s . LTi,AI:Ti’ LT[;Al,Ti and
ore represent interaction parameters between

diﬁgfgfﬁ elements of the sublattice one and sublattice two.

4. Results and discussion

The experimental data of phase equilibria at 1073 K
[52], 1273 K [51], the Ti-rich corner at 1273, 1473, and
1573 K [50], as well as a vertical section of the Ti,Al-Ti
+ 5 wt.% Zr [49] were used to optimize this system. The
parameters optimized in the present work were listed in
table 3.

4.1 Lattice parameters and the formation
enthalpies of the intermetallic compounds

The calculated lattice parameters of the intermetallic
compounds of the Ti—Al and Al-Zr system are
summarized and shown in Table 2 and Fig. 2. Fig. 2 (a)
shows the lattice parameters of Ti—Al compounds that
were calculated by ab initio along with literature data [24,
42, 43]. Fig. 2 (b) shows the Zr—Al compounds along
with literature data [21, 29]. The calculated results fit very
well with literature data, with a deviation of -0.35-1.46%.

The calculated formation enthalpies of the
intermetallic compounds of the Ti—Al and Al-Zr system
are summarized and shown in Table 4 and Fig. 3. Fig. 3
(a) shows the formation enthalpies of Ti—Al system with
reference data [63-66], showing a good agreement. Fig. 3
(b) presents the comparison between the formation
enthalpies of Zr—Al system and the data available in the
literature [33, 34, 36, 38, 67, 68]. The calculated results
have a good agreement with literature data except Wang
et al. [36]. The results from Wang et al. [36] are obtained
by calculation, and the results of other researchers are
gained through experiments. Therefore, our results are

reliable.
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Table 3. Summary of the thermodynamic parameters in the *table continued from the previous line
Ti—-Al-Zr system by the present work.DC =
Diffusion couples; EA = Equilibrated alloys; OGTHLD = oGP 1 3°GFCC ~ 178860 + 20T
EPMA = Electron probe microanalysis; XRD = X— . T_'A]rm 1;cp fom
ray diffraction;, TEM = Transmission electron TiAl (Ti, Al G, =+°G, +3°G,~" +35896
microscopy; MA = Microanalysis.; TA = Thermal 1AL Z0)(Ti, [°GT50 = 14°GH 4 446764
Analysis 1)) 3 zzr z
Al, Zr), 0GTH () _ | 0GFCC | 3o HCP
ZVZAZ[ =+ GA[ +3 GZr
Phase| Models Parametes Py o o
Liquid (AL T, o iguia Grgz =+°G,~ +3°Gy
s s iqui _ - —
UG "y, | Lalms = 200000 OGTAL — 4DOGHT 150G 310450 + 14T
HCP | (AL Ti, |'Lizzv. =-32190-30T 0GTal = 19 °GHP 1 5°GH 180000
— > > e ZrTi Ti Zr
A3 | Zn) Va1~ 107300 - 1007 (Ti, AL, Fogmau, _g0cmce  g0000
: Ti,Al| Zr)(Ti, —2=% z
BCC_| (AL Ti, |'Linizm, =—100000 T AL Zr), | "G =426 +5°GHT
A2 | Zr) Va, 2L = -50000 : 0GTndls _ L0 oGHCP | 50GHCP
e Tiizr T Zr Ti
Bec | (ALTL Jogsec 2~ 20000 Gk, =~11000 - 307
-| Zr), (Al —— : = .
B2 5 Z0), ,Val Gl = +°G1 +3°GL ~110656 Jeall AL |G = +°G i +3°G ~ 40000
) 3 7r; -
OLiiZ#zr =-200000 AD; OL:i:;[r,Tz = —72000
Gl =+ G 3G 110656 g (A2 |G =G 26 4160415
2 i 0rzndl  _
(Ti. AL 0GIEA _ {39GHT 4 °GHP 112632 4 8T Ti), L = +70500 - 90T
" Zrdl;, _ Ao o
Ti,Al|Zr),(Ti, AL| "Gy = +4°G™" +316 ZrAlL Al(Zr, OGIEA = 43°GAC +5°GH — 201120 + 40T
Zr), OGZX:;I’_ — 30(;/1{;06 n OGZCP Tl)s OLiﬁ/;'j’n =89600-160T
Gl =+3°G" + °Gi" +13000 70 ALl AbLZr. 0GZh — 42°GEC £ 3°GHT —100000 + 25T
O[IA = +19000 — 40T T g, —-270775 41757
0,~2Zr,dl, _ | 50 ~FCC 0 ~HCP
oA =—400000 Zr AL (Al)?(Zr, G =+3°G,~ +4°Gy, — 232281+ 70T
OGTH = 4GP 1 °GFC 83980 + 8T Ty e, =-168210+ 707
) 0 ~Zrdl, _ o, ~HCP 0, ~HCP
OGZT:{TIi =+0G;;ICP+ OGZCP+1816O ZeAl (Al Gpo? =+2°G, " +1°G, +50133
. -
TiAl z()T(l’TAlAl "Gy = +2°G” +7560 020, ozt = 296760 +129T
1 I 1, . - 0 ~Zrdly __ 0 ~FCC | o vHCP
1Zr)l OGIA = 4°GTCC 4 0GP ZeAlL Al}(zr’ G =+3°G, +°Gy " —128724 +25.8T
OG;;iiIr :+UGZCP 4 uGy{:CP Ti), OLi’fZ/iYTI =-25460+20T
OLZ’f'T‘.’ 4 = —24000
oL~ 100000 4.2 Vertical section
"Ltz = —200000 Fig. 4 shows the calculated vertical section of the
OGTHE — 4 °GH 4 2°GTC _136690 + 5T Ti,Al-Ti + 5 wt.% Zr by PANDAT [69] software, and
(Ti, Al, [0 GI = °GI 4 2°GH 423880 the experimental data from S.hlrokova et al. ‘[49]. It
TiAL |Zr),(Ti, Al ‘ ’ can be seen that the calculation results are in good
Zn), Gy =+3°G, " +11400 agreement with the experimental values.
OG;:AZ :+0G:/CC +20GZCP
OGTT‘;’I;AZ% _ +OGZCP +20chp 4.3 Isothermal section
°Glii.z = =30000 Fig. 5 (a)-(c) shows the calculated isothermal
G = +°GET +3°GA ~167403 +10T|  sections of the Ti-rich corner of the Ti—Al-Zr system
. 0GTHALM) _ | oGHCP 4 302HCP | 35006 at 1273, 1473, and 1573 K, respectively. The
TiAl (T4, AL - ZT’;TI’W - T’HCP z experimental points [50] are marked as a black circle.
(h)3 Z0)y(Ti, Al "Gy = +4°Gy,~ +446764 At 1273 and 1473 K, compared to the experimental
Zr), | oGIhh) _ yoGFCC 4 3ocHC data, the optimization results are not very good.
OATALG) . 0uHCP . = opaHCP Especially for a(hcp A3) phase, not all the
Gz =+°Gy " +3°Gy; experi 1 poi a
perimental points are on the phase boundary. When
0 yZryAl . .
L35 5 =—72000 the a(hcp A3) phase parameters of the Ti—Al binary

*table continues on the next line

system [28] are adjusted, this can be avoided. It may
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Table 4. Summary of formation enthalpies of the Ti-Al intermetallic compounds, kJ/(mole of atoms)

Compounds Kubaschewski [63] Stuve [64] Meschel [65] Nassik [66] This work (cal.)
Ti,Al - - - - -27.01
TiAl -40.1 - - -35.1 -39.3
TiAl, -40.9 - - -37.1 -41.79
TiAlL -36.6 -36.9 -36.6 -47 -38.39

Table 5. Summary of formation enthalpies of the Zr-Al intermetallic compounds, kJ/(mole of atoms)

Compounds |[Kematick [38]| Alcock [67] | Meschel [34] | Klein [33] |Saunders [68] Wang [36] Th(lzavlv;)rk
Zr,Al - - - - -27 -36.2 -29.2
Zr,Al - - - - -33.4 -48.4 -34.9
ZrAl, -48 - - - -36.2 -51.5 -36
Zr,Al, -49 - - - -38.4 -55.2 -38.7
Zr Al - - - - - -58.5 -44.4
ZrAl, -52 - - - -41 -55.4 -40.6
ZrAl -53 - - - -44.5 -65 -45.3
Zr,Al, -55 - - - -46.9 -56.6 -50.4
ZrAl, -54 -44 -52.1 -51.3 -45.8 -52.6 -51.8
ZrAl, -49 -44 -48.4 - -40.5 -48.5 -47.4
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Figure 4. Selected isopleth in the Ti—Al-Zr system showing calculated equilibria (lines).
Experimental data [49] are shown as symbols

result from the error of the parameters [28] at the
a(hcp_A3) phase in Ti-Al binary system. Generally,
the phase relationships are correct, and the
optimization results are acceptable. At 1573 K, the
a,(Ti,Al) phase and the g(TiAl) phase are in good
agreement with the experimental data.

Fig. 6 (a) is the calculated isothermal section of
the Ti—Al-Zr system at 1073 K. There are 15 three-
phase regions inside. Eight of them have been proved
to exist by Lii et al [52]. Six of them are concluded by
experiments. The remaining one phase appears in the
present work. For the eight three-phase regions which
have been proved to exist by experiment [52].
e(TiAl, h) + n(TiAlL) + ZrAl,, n(TiAlL) + ZrAl, +
ZrAl,, n(TiAlL) + ZrAl, + g(TiAl), ZrAl, + Zr,Al, +
Zr,Al, and Zr,Al, + Zr,Al + b(Ti, Zr) are obtained by
equilibrated alloys. But the ZrAl, + Zr,Al, + Zr Al,
and Zr,Al, + Zr,Al + b(Ti, Zr) are not in good
agreement with experimental points. Considering the
measuring error in experiments, this small difference
between the calculated phase diagram and the
experimental data can be acceptable. Other three
three-phase regions fit well with experimental data.
a(Ti) + a,(Ti,Al) + b(Ti, Zr), a,(Ti,Al) + b(Ti, Zr) +
g(TiAl) and b(Ti, Zr) + g(TiAl) + ZrAl, three-phase
regions are gained by diffusion couple. Two three-
phase regions of TiAl + Ti,Al + b(Ti, Zr) and TiAl +
ZrAl, + b(Ti, Zr) were proposed by Lii et al [52],
while our calculations show phase equilibria of TiAl +
Ti,Al + Zr,Al, and TiAl + ZrAl, + Zr Al at 1073 K.
However, direct experimental proof of the two three-
phase regions is not presented in Lii et al. [52], and
further experiments are needed. It is also found that
introduction of ternary parameters cannot alter the
phase relationship to fit the results in L et al. [52].
Adjusting the binary parameters can be carried out but
only based on future solid experimental evidence. The
other six three-phase regions, liquid + e(TiAl, h) +
ZrAl,, Zr,Al, + Zr Al, + ZrAl, Zr Al + a,(Ti,Al) +
b(Ti, Zr), Zr Al + Zr,Al, + b(Ti, Zr), Zr,Al + Zr,Al +
b(Ti, Zr) and Zr,Al + b(Ti, Zr) + a(Zr), are reasonably

inferred by the experiment. It appears in the present
work. But one of them is different from the
experiments. a,(Ti,Al) + Zr,Al, + b(Ti, Zr), appears in
the optimized isothermal section while ZrAl, + Zr Al,
+ b(Ti, Zr) appears in the experimental phase
diagram. There is one new three-phase region in this
isothermal section compared with the experimental
data, and the region is e(TiAl, h) + e(TiAl, 1) + TiAL,.
In the binary phase diagram of Ti—Al at 1073 K [28],
the e(TiAL) existed both at high and low temperature,
so the existence of this region is reasonable. Over the
whole composition range, the result is acceptable.

Fig. 6 (b) is the calculated isothermal section of
the Ti—Al-Zr system at 1273 K. This isothermal
section includes 14 three-phase regions. Among them,
ten three-phase regions have been completely
determined by Yang et al. [51]. e(TiAl, h) + {(Ti,AL)
+ ZrAl, {(Ti,Aly) + ZrAl, + n(TiAl), ZrAl, + ZrAl, +
N(TiAL), n(TiAL) + ZrAl, + g(TiAl), g(TiAl) + ZrAl,
+ ZrAl,, ZrAl, + Zr Al + Zr Al,, Zr, Al + Zr Al +
ZrAl,, g(TiAl) + Zr Al + a(Ti,Al), a,(Ti,Al) + a(Zr)
+ b(Ti, Zr) and Zr,Al, + Zr,Al + b(Ti, Zr), which are
represented by red areas. Nine three-phase regions are
in good agreement with experimental points, except
Zr,Al, + ZrAl, + Zr,Al,. The alloy composition
prepared by Yang et al. [51] is out of the Zr,Al, +
Zr,Al, + Zr Al, three-phase region. It was found that
the phase equilibrium is strongly affected by the
negative Gibbs energy of the ZrAl phase at 1273 K,
one can only adjust the thermodynamic parameters of
this phase to fit the experimental data. However, it is
beyond the scope of the present work to modify the
binary system based on one single ternary
experimental point. Therefore, instead of the alloy
composition data, only the phase relationship Zr,Al,+
Zr,Al, + Zr,Al; was considered in the optimization.
The remaining four three-phase regions, liquid +
e(TiAl, h) + ZrAl,, Zr,Al, + Zr,Al, + ZrAl, Zr,Al, +
Zr,Al, + Zr,Al, and b(Ti, Zr) + a,(Ti,Al) + Zr,Al,, are
reasonably inferred by experiment, which are
represented by green areas in the figure.
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Figure 5. Phase boundary of the Ti-rich corner of the Ti—Al-Zr ternary system at (a) 1273 K,
(b) 1473 K and (c) 1573 K, along with experimental data [50]
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Figure 6. Calculated isothermal section of Ti—Al-Zr system at (a)1073 K, compared with
the experimental data [51] and (b) 1273 K, compared with the experimental data [52]

5. Conclusions

The Ti—Al-Zr system has been
thermodynamically investigated with the three sub-
binary systems and ternary experimental phase
diagram data using ab initio calculations and the
CALPHAD method. The Ti—-Al-Zr ternary dataset is
established. The results can be summarized as
follows:

1. The lattice parameters and the total energy of
related phases are calculated by ab initio, and the
results are in good accordance with the experimental
data.

2. The calculated isothermal section of the Ti—Al-
Zr system at 1273 K is in close agreement with the
experimental data. For the isothermal section at 1073
K, the three-phase regions of TiAl + Ti,Al + b(Ti, Zr)
and TiAl + ZrAl, + b(Ti, Zr) cannot be reproduced and
more experimental data are needed. The results of the
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Ti-rich corner of the Ti—Al-Zr system at 1273, 1473,
and 1573 K are consistent with the experimental
values as well. The Ti,Al-Ti + 5 wt.% Zr vertical
section of the Ti—Al-Zr system is in good agreement
with experiments.

3. One new three-phase region at 1073 K has been
predicted by the calculation, i.e., e(TiAl h) +
e(TiAL ) + TiAl,. The existence of this region is
reasonable through our analysis compared with the
experimental data.
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AB INITIO 1 CALPHAD TERMODINAMICKO ISPITIVANJE Ti-Al-Zr SISTEMA
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Apstrakt

Legure na bazi Ti—Al imaju Siroku primenu u aeronautici i svemirskoj industriji. Dodavanjem Zr kao legirajuceg elementa
moze znacajno da se poboljsa otpornost na visoku temperaturu i koroziju. Da bi se ispitao uticaj koji dodavanje Zr ima na
osobine Ti—Al sistema, koris¢eni su metodi ab initio proracuna i CALPHAD (proracun faznog dijagrama) da bi se odredio
Ti-Al-Zr trojni system. Ab initio proracun je izvrSen da bi se izracunale entalpije formiranja intermetalnih jedinjenja i
krajnjih ¢lanova. CALPHAD pristup je primenjen da bi se optimizirali termodinamicki parametri zasnovani na
eksperimentima. Eksperimentalni podaci fazne ravnoteze pri temperaturama od 1073, 1273, 1473, i 1573 K, kao i vertikalni
presek Ti3AI-Ti + 5 wt.% Zr su koris¢eni da bi se ovaj sistem termodinamicki optimizovao. Termodinamicki parametri
binarnih Ti-Al, Al-Zr i Ti—Zr sistema dobijeni su iz nedavno izvrsenih optimizacija, a trojni parametri su procenjeni u ovom
radu. Utvrden je set podataka za trojni sistem Ti—Al-Zr, i rezultati proracuna su u skladu sa eksperimentalnim podacima
koji se ticu i termodinamicke i fazne ravnoteze.

Kljuéne reci: Ti—-Al-Zr sistem,; Ab initio proracun; Fazni dijagrami; Termodinamicka optimizacija
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