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The Ti-Al-Cr ternary system is one of the most important systems to studying the titanium alloys. Some
experimental data of this ternary system are available and a few partial thermodynamic assessments
are reported. However, no full thermodynamic descriptions were published. In this study, the previous
work on the Ti-Al-Cr system and its related binary systems are reviewed. Based on the thermodynamic

descriptions of the Ti-Al, Ti-Cr and Al-Cr systems and the ternary experimental data in literature, the
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Ti-Al-Cr ternary system is assessed by means of the Calphad method. Several isothermal sections from
1073 Kto 1573 Kand some invariant reactions are calculated, which are in good agreement with the most
of the experimental results.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

The phase diagram of the Ti-Al-Cr ternary system is funda-
mental to developing the novel structural and functional alloys
containing these elements. y-TiAl based alloys are considered as the
candidate materials for elevated temperature applications, engi-
neering materials in the aviation and automotive industry, for their
numerous advantages such as low density, good oxidation resis-
tance, and attractive high temperature property, they have been
widely studied in the latest years [1-9]. The studies of structure
and some properties of Ti—-Cr alloys and the formation of nanocom-
posites containing Al and TiAls in Ti-Al alloys are also reported in
recent years [10-12]. In additon, the Ti-Al based coatings includ-
ing Cr for high temperature oxidation protection of y-TiAl are also
investigated recently [13-15]. Furthermore, Cr is the common 3-
stabilizer for the titanium alloys [16], and much cheaper than the
elements V, Mo and Nb [17-18]. Therefore, it is essential to study
the phase relationship in the Ti-Al-Cr system.

The experimental phase diagram of the Ti-Al-Cr system was
first reported by Busch in 1950s [19]. Today, several sets of
experimental data of this ternary system are available and some
assessments are also reported. However, no full thermodynamic
description has been published.

In this study, the available thermodynamic data for the three
binary systems (Ti-Al, Ti-Cr and Al-Cr) [20-22] are reviewed.
Then, the thermodynamic parameters of the Ti-Al-Cr system
are optimized, including the one for the new ternary compound
L1, _Tiz5CrgAlg7, the ternary interaction parameters of bcc.a2 and
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B2, hcp, liquid and some interaction parameters involving the third
element (for example, the interaction between the element Al and
Cr in y-TiAl). Finally, several sectional phase diagrams from 1073 K
to 1573 K and the invariant reaction temperatures are presented.

2. Review of the literature information
2.1. Binary systems

Several thermodynamic descriptions of the Ti-Al system
are available [20,23-24]. However, the one newly assessed by
Witusiewicz et al. [20] is in good agreement with the latest exper-
imental results and is adopted in this work.

The Ti-Cr system was recently assessed by Ghosh [21], Murray
[25], Chen et al. [26] and Zhuang [27]. The phase boundaries and
the activity of Cr at 1653 Kin bcc phase calculated by Ghosh [21] are
in good agreement with the latest experimental results [28]. Thus,
Ghosh’s thermodynamic parameters are accepted in this work.

The latest assessments of the Al-Cr system was reported by
Chen et al. [22] and Liang et al. [29]. Considering the compatibil-
ity when extrapolating into the Ti—-Al-Cr-Mn-X multi-component
system, the models of y,_aAlgCrs and y;_BAlgCrs were treated as
(Al,Cr)q2(AlLCr)s(AlLCr)g and (Al,Cr);7(AlCr)g, respectively, by Chen
et al. [22], which is used in the current Ti—Al-Cr ternary system.

2.2. Ti-Al-Cr ternary system

The experimental results of this ternary system reported before
1990 were reviewed by Hayes in 1992 [30]. Some Ti-rich corner
isothermal sections presented by Hayes in the temperature range of
873-1473 K are mainly based on the experimental results obtained
by Ence et al. in 1960s [31]. In recent decades, more attentions are
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paid to the phase equilibria of the Ti-rich corner from 1073K to
1573 K. Recently, Raghavan [32] and Bochvar et al. [33] reviewed
the updated experimental results on the phase equilibria. Gros et al.
[34], Shao and Tsakiropoulos [35] and Kaufman [36] calculated this
system by the Calphad method, however, no details of modeling
were reported in their publications.

2.2.1. The experimental data of Ti-Al-Cr at Ti-rich corner

Early in 1988, Gros et al. studied the Ti-rich corner of the
isothermal section of Ti-Al-Cr system at 1073 K and calculated
this isothermal section by the Calphad method [34]. Most of their
calculated results are in agreement with the experimental results
obtained by Jewett in 1997 [37], particularly in the existence of
the three-phase field oTi+[3Ti+TizAl In contrast with Jewett's
experimental results, Gros et al. did not consider the existence of
B2 phase in their calculation. In order to verify the existence of
L12_Tiy5CrgAlg7, the Al-30at% Ti-15 at% Cr alloy was heat-treated
in air at 1273 K and 1073 K for 100 h and cooled in air for 5min
[38], Brady et al. concluded that the compound L, _Tiz5CrgAlg7 is
stable at 1273 K and decomposes at 1073 K. However, Jewett et
al.’s updated studies [37,39-41] deny Brady et al.’s experimental
conclusions.

In 1997, Jewett [37] summarized the previous experimental
results in detail and reviewed the experimental studies presented
in 1992 by Hayes [30]. In addition, Jewett also studied the vy-TiAl
region by SEM/EDX (standardless) method [37]. The latest experi-
mental data at 1073 K reported by Jewett in 1997 is applied in this
work.

Little experimental result at 1173 K was reported. Recently,
Chen et al. studied this isothermal section by XRD-EDX and
obtained the related tie-lines and tie-triangles [42]. There are lots
of reports on the isothermal section at 1273 K at Ti-rich corner
[30,37,39-40,43-47]. In 1990s, Hayes [30] and Mabuchi et al. [43]
reviewed the early experimental studies at 1273 K. More studies
[37,39-40,45-47] were published recently.

The C14, y-TiAl region was studied by Jewett et al. in 1995-1997
[37,39-40]. Their early work in 1995-1996 was mainly focused
on the C14 and it was concluded that the solubility of Al in C14
was about 40at% in 1073K and 1273K [39-40]. In 1997, the y-
TiAl region was studied by SEM/EDX and the related tie-lines and
tie-triangles were obtained [37].

Later, Kainuma et al. further studied the Ti-rich corner at 1273 K
by the TEM, EDS, EMPA and also reported the related tie-lines and
tie-triangles [45-46]. Fujita et al. analyzed the phase equilibrium
relationship by XRD method in 2001 [47]. The experimental results
at 1273 K reported by Jewett, Kainuma et al. and Fujita et al. are
taken into account in this work.

The isothermal section at 1473 K was reported by Kainuma et al.
[46], Fujita et al. [47] and Hashimoto [48] recently, Kainuma et al.
quantitatively studied the Ti—Al boundary (30-60 at% Al) by EPMA
method and reported the related tie-lines and tie-triangles [46].
Later Fujita et al. [47] and Hashimoto [48] deduced the approx-
imate phase equilibrium relationship at Ti-rich corner by XRD
method and their results are in partial agreement with Kainuma
etal.’sresults. However they still debated whether C14 exists in this
region, Fujita et al. doubted the existence of C14, while Hashimoto
reported the contrary opinion.

Little information on the isothermal section at 1573K was
reported. In 2000, Kainuma et al. studied the Ti-Al boundary
(30-60at% Al) at 1573 K by EPMA method and reported the related
tie-lines and tie-triangles [46], which are directly adopted in this
work.

The only experimental data for thermodynamic values were
obtained by Jacobson et al. [49]

2.2.2. The experimental data of Ti-Al-Cr at Al-rich corner

The experimental results at Al-rich corner were scarcely
reported. Available studies in literature are summarized as follows:
Jewett et al. studied the Al-rich corner at 1073 Kand 1273 Kin 1996
[41,50]. The isothermal section at 1423 K was studied by Nayakama
etal. [51], Park et al. [52], Mabuchi et al. [53] and the one at 1473 K
was studied by Klansky et al. [54]. There exist a lot of uncertainties
at the isothermal section at 1073 K reported by Jewett et al. and at
1473 K reported by Klansky et al. Since this work mainly focuses
on the Ti-rich corner, only the isothermal sections at 1273 K and
1423 K are calculated and compared with the experimental ones.
Jewett et al.’s results reported at 1273 K in 1996 [41] are in signif-
icant difference from Nakayama et al.’s [51], however, he pointed
out that Nakayama et al.’s experimental alloys did not reach equi-
librium. Therefore, we comply Jewett et al.’s results and neglect
Nakayama et al.’s results in this work.

2.2.3. Invariant equilibria
The confirmed invariant reactions at the Ti-rich corner are
shown in Egs. (1)-(4).

liquid + aTi = BTi + y-TiAl (1)
liquid + y-TiAl = BTi + Lq;_Tip5CrgAlgy (2)
oTi + vy-TiAl = BTi + TisAl (3)
v-TiAl + Lq; Tiys5CrgAlg; = C14 + TiAl, (4)

Recently, Bochvar et al. [33] reviewed a series of experimental
data and Chen et al. [42] studied these reactions. The temperature
ranges of these reactions were reported as follows: 1623-1763 K
[33] for reaction (1), about 1573 K [33] or 1583 K [42] for reaction
(2), 1273-1392K [33] for reaction (3) and 1073-1273K [33] for
reaction (4).

At Al-rich corner, the confirmed reactions are the following:

liquid + B = BA]gCl‘5+ L12_Tiz5CrgAlgy (5)
liquid + TiyAls = L1, TiysCrgAlgy + H_TiAl3 (6)

The temperature ranges of these reactions are: 1513 K [33] or
1533 K [42] for reaction (5) and 1603 K [33] for reaction (6).

There is an uncertainty about the formation of the
L1, TiysCrgAlg; phase. Bochvar et al. [33] reported that the
L1, TiysCrgAlg; phase formed peritectically from liquid++y-
TiAl+TiyAls at 1623K, while Chen et al. [42] doubted that
this phase formed at 1645K from the reaction as follows:
liquid + ’\/—TlAl =14, Tiy5CrgAlgy + H.TiAls.

The reactions near the Al-Cr boundary are not taken into
account in this work, because the region of the phase AlgCrs has
been debated so many years in binary system Al-Cr and these
ternary reactions are mostly extrapolated from the binary system
Al-Cr.

3. Thermodynamic modeling and parameters optimization
3.1. Unary phases

The Gibbs free energy function for the element i(i =Ti, Al and Cr)
in the phase @ (@ =liquid, bcc, fcc, etc.) is described by Eq. (7).
0G2(T)=a+bT+cTInT +dT? +e/T +.... (7)
In the present work, the Gibbs free energy functions are taken
from the SGTE compilation of Dinsdale [55].
3.2. Solution phases

In the Ti-Al-Cr ternary system, there exist several solution
phases, such as the liquid, bcc and hcp. Their Gibbs free energies
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are described by the following expression:

0Ge — inoci” n RTZx,» Inx; + GE (8)
i i

where x; is the mole fraction of component i, OGf’ is the Gibbs free

energy of the pure component i with structure @, R is the gas con-

stant and T is the absolute temperature. GE is the excess Gibbs free

energy of the phase which is defined as:

n

m
§ : § : l
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k=i,j,1

where, the first term represents the binary interaction terms, the
second one represents the ternary interactions. Lé‘ ’s are the binary

interaction parameters for the i—j binary and L;’s are the ternary
By

p=ij,!

interaction parameters. V. is defined as: V}, = x; + =

3.3. Intermetallic compounds

In the Ti-Al-Cr ternary system, there exist many intermetallic
compounds, including the Laves phases, TizAl, y-TiAl, TiAl,, TiAls,
TizAls, y1-BAlgCrs, y2-aAlgCrs and Ly; Tiz5CrgAlgz. In the model-
ing of most of the intermediate phases, we use models where not
all elements appear on all sublattices, because the model of the
intermediate phases is mainly extrapolated from the sub-binary
systems, and these models are directly taken from the recent
description of these phases [33,39-40,56-61]. For each intermetal-
lic compound, the model will be discussed in detail later. The Gibbs
free energy of each compound can be described by the following
expression:

G@ :refcﬂ +idG0 _,’_EG@ (]O)
The model of the Laves phases is taken as (Al,Cr,Ti),(Cr,Ti), which
is based on the model of TiCr; in the Ti-Cr system and the studies of

Jewettetal.in 1995-1996 [39-40]. The terms "fG?, 14 G2 and EG? for
the Laves phases can be expressed by Eqs. (11)-(15), respectively:

f0_ " 0 v g RN g
60 = yCryCrGCr:Cr +yTini GTi:Ti +yAlyCrGAl:Cr +yAlyTl GAI:Ti+

I e (1n)
yCryTi GCr:Ti + yTinrGTi:Cr

MG? = 2RT(yy Inyy + Ve, Inye, +yy Iny) + RTO Inye, +yy Inyr) (12)

PGy =YY Yrllecm YrYeYrilticen + Ve Vel mier T VeV m¥nilee rin (13)

’ ’ w 0 ’ ’ w ’ ’ 1 ’ ’ " 0
Y aVednila,cem TYaYednWa = Ve kaycem T YaYnidmla rim
ECO  _y vy 0 0 s ' Yoyt
Gess = VeV enilererm H¥mYednilticem H VeV mVerler tier TYebdmler i (14)
LS
Y aYerilancem

G5 :y,Crery"l:iLgr:Cr.Ti +y"l‘iy2ry"l:il"?i:cr.Ti +Vem ;rLgr.Ti:Cr +y’Cryzl'iy"l:iLgr.Ti:Ti (15)

The Ti3Al is modeled as (Al,Cr,Ti)3(ALTi) in the ternary system,
which is based on the substitution of Cr for Ti in Ti3Al confirmed
by Hao et al. [56]. Its *fG?, G2, and EG? can be described by the
following expressions:

f@ _ .\ v 9 ] ) 'y 9
6T = YA aiCaral HYri¥niGrin + YaniCarm +YerYaCcrat (16)
A R
YeV1iGermi + Y1V e Cricer

GO = 3RT(Yy Inyy + Ve, InYg, + Vg, INYy) + RTQy Inyy + vy, Inyy) (17)

EqO _ ./ o 0 ' 0 L 0
™ =y TiyAlLAl,Ti:Al + yTiyAlyTiLTi:Al,Ti +Y CryTiyAlLCr,Ti:Al (18)

The v-TiAl is modeled as (Al,Cr,Ti) (ALCr,Ti) in the ternary sys-
tem, which is based on the site selectivity of Cr in y-TiAl studied
by Hao et al. [56] and Wolf et al. [57]. Wolf et al. reported that Cr
mainly substitutes for Al site [57]. However, Hao et al. believed that
Cr occupies both Ti and Al sites with approximately equal probabil-
ity, and Cr prefers the Ti sites and further increases with increasing
Al or Cr contents [56]. The "fG?, G2, and EG? of y-TiAl can be
described by the following expressions:

o s . v e L
6P = YaYaCata YV Oceer +Y1iVniCrin +YaYaCarat

(19)
YabniCam YV mCGeea Ve miCeem + V1Y Cricer + V1Y e Cticer
ido p ; , , , p
G” =RT(Yp Inyy +Yer INYer + Yy Inyy)
+RT(Yp Ny + Yo INYe + Yoy Inyy) (20)
GO = yAlyTiyA](Lgl,Ti:A] + (yA] — Vi )L,}\I.Ti:A] + (yA] _yTi) Lil.Ti:A])
YaYaYniliam T Oa = Yr)lhears + O = V) Liparm) 21

Y :l'iy:l:iLgl,Ti:Ti +y"l‘iy.';1y"l:il"(l?i:A].Ti +Y Vel comi + Y, ;/Zry"l:iL?\l:Cr.Ti

The models of TiAl,, TiAl; and Ti;Als are taken as
(ALCr,Ti)m(ALTi), in the ternary system. There are no reports
of the crystal structure of the related ternary phases containing the
third element Cr. However, the solubilities of Cr in these phases
are very small at a series of experimental isothermal sections [33].
Therefore, it is reasonable to assume that the element Cr mainly
substitutes for the Al site. The terms "fG?, {4G?, and EG? for these
phases can be described by the following expressions:

ref~@ _ \/ " 0-0 00 ' 2
G? = VY Gt +Y1Ya " Chioan T Y CRii

(22)
0 00
VY10 Chri + Yo Gl + VeV Gl
9GP = mRT(y, Inyy +Ye, Ny +yy; Inyp)
+nRT(y:.‘l lnyl\l A—y;i lny;i) (23)
Er® o r 0 Lo C o
G = YaYrYalar izl T YayriVrilanrin T YaYayrilaiami (24)

VY anilan YAy oY nikA, cem

The model of y;_BAlgCrs is taken as (Al,Cr,Ti) 7(ALTi)g in the
ternary system, this model is mainly extrapolated from the Al-Cr
system assessed recently [22], the calculated results are in good
agreement with the most experimental results. In order to simplify
the model, when extrapolating into the Ti-Al-Cr-Mn-X multi-
component system, it may be more reasonable to use the two
sublattices. It is also based on the isothermal section at 1423 K
reported by Mabuchi et al. [53], in his work, he pointed that the
Cr content was fixed when Ti adds to this compound. The terms
refG0 1dGO and EG2 of y; -BAlgCrs can be described by the following
expressions:

ref@ _ \/ 1" 0D L 00 " 0D
G” =YaYer Garer VeVl Ccral HYaVar Caiait

(25)
o 0r oo o
YerYer Ocrer Y1¥cr Oiser HY1i¥a1 Cical
4GO = 17RT(yy Inyy + Yo INYe + Yy Inyy)
+9RT(Yy, Inyp + e, Inye,) (26)
Erd ./ 70 C o
G =YaYaVerdLaianer TYeYaVerkeran ot
Lo P B
YaYerYalkarcra T YaYeYaWar = Yo llarcrat (27)

S o P
YaveYerlarcror HYaYerYarWa = Yo lar ot

S o S o
YayrYelani:er YV ayerlrian cr
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Thermodynamic parameters of Ti-Al-Cr system.

Phase Parameter (in J/mol)
Liquid opad  — 32,000
bee orbee 94,230 -10x T
1rbec = 100, 000
ZLRT‘G 5 = 139,216.705-80.99 x T — 15 x T x In(T)
hep O[NP = -68,708 —68.6x T
C14 OG§I4 = ~94, 500 +20 x T + 2 x OGlee-al 4 0Ghep-a3
0G§H = 10,000 + 2 x 0GIe-a1 4. 0Ghec-a2
0y7C14 —
LS4 [ =-87.0255-65xT
1L/§]1‘ér:Ti =7270+10xT
oLl = -94,190+30 x T
C36 chi% —2x OGf\clcjl + Oc¥icpj3
chﬁ%' —2x chclcj] + OGIéSC,aZ
oL L =—195,460+20 x T
cts 005, =2 x 021 + 03
OGgll:gr =2 x OG;clc,a] 4 OGIégc,AZ
TisAl OGTisA = 100, 000 + 30GhP-23 + OGhep-a3
OCTEl = 3G 1 OG-
LT, = 50,000
~-TiAl 0GY T — 13,000 + 0Gfee-at 4 OGfee-at
0~v-TiAl _ 0 fec_al 0fec_al
GL 1M = —8000 + °GlEe-#16 + 0Gfee-2
o0GY-TiAl _ 0(fecal | 0(fec.al
GTiZCl‘ = —8000 + GT‘:ic + GCCIC !
y-TiAl __ fi
OGYTA — 15, 000 + 2°Gfec-al
OGY T — _13,000 4 0GfEe-a1 4. 0GTecat
or — 2000
oL, — ~36.000
TiAl, OGE;AAZI —2x chlc_cjz + OGf\clcjl
OCT = 2 x OGh? 1 OGI2
"L = 50,000
TiyAls OGTiAls = 5 x 0GRLe-a2 1. 2 5 OGlec-al
DGE'Z:'?ilS —=5x Oclégcjz +2x DG¥icp,a3
orTAls — 110, 000
H_TiAl; OGH-TIAl; — 3 5 0Ghee-a2 1 0Glec.at
O0GH-TiAl; _ 3 0bcc.a2 + 0Ghep_a3
Cr:Ti Cr Ti
OLR-TIALS = 80, 000
v2-aAlsCrs 0GR eMsCs = 50,000 + 12 x OGIP-23 4 14 x 0Ghee-2
OG#.E?./RIISC% =12 x OG_Ir_nicp,aB +5x OGIESCAZ(; +9x OG‘fAclcjl
OG'}{iz'A%éz-scrs —12 x OG]_Ficp,a3 4+9x OGlcalc_cjz 4+5x OG/f\clcjl
OGHMsCrs = 12 x OGRP-a3 1 14 x OGlec-at
"L = 630,000
v1-BAl5Crs OGYBNSCTs — 17 x 0GhP-a3 1 g 5 0Ghee-22

L1z TizsCrgAlgz

SGRA = 170G 4.9 x OG-
0] v;-BAlgCrs _
LXII,T?:Q'S s = -326,106 - 277 x T
0pv; BAlgCrs _
L BAscrs — —1,100, 000
0Lz ~TipsCrghlgy _ o3
Ghz TiosCrshle — 33,795 4 5 x T + 0.25 x OGhep-a3
0bec.a2 0 ~fccal

0.08 x 0Glee-22 1+ 0.67 x 0Gfec-
01z -TipsCrgAls; — 0 ~hep_a3 omfecat
Glaz TiasCrslsy — 0,25 x 0GHP-33 40,75 x OGlee-a
0GLy2 -TizsCrghlsy —

Ti:Cr:Ti
10,000 +0.92 x °GheP-23 1 0.08 x OGhee-22
0Lz TipsCrgAls; _ 0 ~hepa3 omteenn
Grlam® 8767 = 0.92 x PGP + 0.08 x PGy
01z -TipsCrgAlsy _ 0 hep.a3 o
GTi]:%Cr:Clr25 1867 = 0.25 x GTiij +0.75 x GC‘C_C :
0GLy2 -TipsCrgAlg7 —

Ti:Al:Cr

0.25 x OGIeP-23 1 0,08 x 0Gie-a1 4 0.67 x 0Ghee-a2

Table 1 (Continued)

1939

Phase Parameter (in J/mol)
0:Lyp -TipsCrgAlgy — 0fecal 0 bec_a2
Glierat =0.92 x PG~ +0.08 x 76
0(:Lyy -TiysCrgAlgy; _ 0(;fccal
C"A]:AI:AI - GAl
0Ly TixsCrgAlgy _
AL:Cr:Ti -
0.25 x °GI%e=1 10,08 x OG-2 4 0.67 x OGhep-23
0 Lyy TipsCrgAlgy — 0 fcc_al 0hep_a3
Gl =0.33 x %G1 +0.67 x G
0:Lyp -TipsCrgAlgy — 0fecal 0 bec_a2
Ghyz T =0.25 x 0K 10.75 x OGX
0 Lyy -Tip5CrgAlgy — 0 fec-al 0 bec-a2
GhpzT2 =0.33 x 0GIe-1 1 0.67 x OGX
0Lyp -TipsCrgAlgy — 0;bec_a2 0 fec-al
Gliz T =0.33 x OG22 1 0.67 x 0GI
0:Lyy TipsCrgAlgy — 0 bec_a2 0fecal
Glaz 7 =0.25 x G2 1 0.75 x 0K
0Ly -TipsCrgAlgy _
r:r:i
20,000+ 0.33 x OGgf,cjz +0.67 x 0G'T‘iijs
0Ly -TipsCrgAlgy _
Cr:ALLTi -
0.25 x 0GBee-22 1. 0,08 x OGHe-al 4 0.67 x OGhep-a3
Ocklzc,TCizscrgA]m — OGECCAZ
r:(r:Cr r
0 Lyy -Tip5CrgAlgy — 0;bcc-a2 0fec-al
Gzt = 0.92 x 7G¢r* + 0.08 x PGy
OpL1p-TipsCrgAlg —
LCr.Ti:Cr:Al = —10,000
OJLy-Tir5CrgAlgy — _
LTi:Cr:Al.Ti = —5000
0yB2 _0yB2 _ —
B2 B2, —O[B2 82 186.5-50.5x T
07B2 — 07B2 — —
Liianee = Latcem = 23,584 -8 xT

The +v,_aAlgCrs is taken as (Al,Cr,Ti)lz(Al,Cr)s(Al,Cr)g in the
ternary system. The terms "fG2, 14G2, and EG? of y,_aAlgCrs can
be described by the following expressions:

l.ef 0 _ ! "w " 0 ! " " 0 ! " " @
™ =YaYaVaiCatatal T Yaa e Catater T Yave aiCatcral
! " " @ ’ " " 0 ’ " " 0
aveYerGatcrer TYerYa¥aiCcratal T YerYa¥erGer:arcr

’ " " @ ’ " " @ ! " " 0
VeV aCercral TYerYerYerGercrcr + Y1V ay aiCricaral

! " " 0 ! " " @ ! " " @
VY aVerOtisaier T Y1iYerY mGticcral T Yri¥er e Oiscrcr

GO = 12RT(y), Iny,, + Y, Inye, +yy; Inyr)

+5RT(Yy Iy, +Ye, Inye,)

-|-9RT(y;\l Iny, + yCr In ygr)

B0 o S s
G” =YaveYaWerlar craier +YaYea alacr:atal

TYanYaYerLanTialcr

(28)

(29)

(30)

The new ternary compound L;; Tiy5CrgAlg; is modeled as
(AlCr,Ti)g25(Al,Cr)g8(AlCr,Ti)g g7 in the ternary system, which is
based on the Zhang et al. [58], Nic et al. [59-60] and Kogachi et al.’s
results [61], in which the L;; ternary compound is the “TiAlz-based”
intermetallic and the element Cr occupies both Ti and Al sites. The
terms for Gibbs free energy of this phase can be described by the
following expressions:

refGQ _ y’
—JTi

" " @ ’ " " 0 ’ " " @
YeoYaiCriceral Y1V Al aiGicaial + V1Y eV 1iGticcrmi

! " 1" @ ’ " " @ ! " " Q
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! " " 0 ! " 1" 0 ! " " @
Y aVerY aCatcral T YaaYaiCaraial T YaY eV 1iGacri

! " " 0 ! " " g ! " " 0
FYaYalriCaarti T YaeYerCatcrcr T Ya ayerOar:arcr

ey

11

g ! " " 0 ! " " g
ceYaiCcrceal HYerY aVmGeraial +YerY e 1iCercrmi

! " " 0 ’ "w n 0 ! " " @
VeV a¥1iGerarm T YerYeYerOcrcrer Yo aVer Ocratcr

E~0 PR u/LO fo oy
G =Yeo¥rYe aler izeral T Yri¥erY aVriltizce:an i

4GP = 0.25RT(Y,, Iny,, +Ye, Iny,, + ¥y, Inyy) +0.08RT(y,, Iny),

e lnyér)0.67RT(y;1 Iny, +y£; lnyg; +y"l:i lny;i)

(31)
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Fig. 1. The Ti-Al system assessed by Witusiewicz et al. [20].

The symbol @ appearing in Egs. (11)-(33) represents the Laves
phases, TigAl, ”Y—TlAl, TiAlz, TiA13, TizAlS, Y1 ,BAIgCr5, ’Yz,()LAlgCI‘5
and Ly, _TipsCrgAlgy. The parameters y;, yl and y;’ are the site frac-
tions of Al, Cr or Ti on the first, second and the third sublattice,
respectively. The parameter G2, and G2,., represent the Gibbs free
energies of the compound ij and ijk, when the first, second and
the third sublattices are occupied by only one element Al, Cr or Ti,
respectively. LE:C LTI Lg 1 Ti:r CLC. represent the interaction param-

;70 0 0
eters between the elements Cr and Ti. LALCr:*, L*:ALCF:*, L*:*:Al,Cr’
etc. represent the interaction parameters between the elements

0 0 0 ; ;
Al and Cr. LALTi:*, L*:ALTi:*, L*:*:Al’Ti, etc. represent the interaction
parameters between the elements Al and Ti.

The controversy about whether B2 phase exists in Ti-Al system
lasted for many years. Based on the newly reported experimental
results, Witusiewicz et al. assessed the Ti-Al system in the con-
dition of considering B2 phase in 2008 [20]. In this work, it is

considered that B2 phase in Ti-Al-Cr ternary system was extrap-
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®
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Fig. 2. The Ti-Cr system assessed by Ghosh [21].
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Fig. 3. The Al-Cr system assessed by Chen et al. [22].

olated from the binary system Ti-Al, which is based on Kainuma
etal.’s achievement in 2000 [45]. The phase boundaries of B2 phase
reported by Kainuma et al. are in contradict with Jewett’s results
at 1273K [37] and cannot be determined so far. The temperature
range of B2 was still not confirmed in Bochvar et al.’s summarization
[33].

4. Optimization of thermodynamic parameters

In the present work, all thermodynamic parameters are opti-
mized by Pan-optimizer included in 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

cr Al(at%) Al

Fig. 4. The calculated isothermal section of the Ti-Al-Cr system at Ti-rich corner at
1073K.
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Fig. 5. The experimental phase diagram at 1073 K summarized by Jewett in 1997
[37]. Broken lines are speculative phase boundaries.

the phase equilibria is minimized. This procedure can be conducted
as follows: First, the ternary interaction parameters of liquid, bcc,
B2 and hcp are calculated; second, the interaction parameters
involving the third element in y-TiAl, TizAl and the Laves phases
are optimized. Finally, the thermodynamic parameters of the new
ternary compound Lq,_Tiy5CrgAlgy, the intermetallic compounds
TiAl,, TiAls, TiAls, y1-BAlgCrs and -y, _aAlgCrs are optimized. All
parameters optimized in this work are listed in Table 1.

Ti
100

10

A S N ) W . vl W AN A raY A
10 20 30 40 50 60 70 8 90 100

Cr Al (at %) Al

Fig. 6. The experimental phase diagram at 1073 K reported by Jewett et al. in 1996
[40]. Broken lines are speculative phase boundaries.

0
N i3 7N 7N 7N 7\
0 20 40 60 80 100
Cr Al (at %) Al

Fig. 7. The experimental phase diagram at 1073 K reported by Ence et al. in 1960s
[31]. Broken lines are speculative phase boundaries.

5. Results and discussions
5.1. Binary systems

The Ti-Al phase diagram assessed by Witusiewicz et al. [20],
Ti-Cr diagram by Ghosh [21] and Al-Cr diagram by Chen et al. [22]
are shown in Figs. 1-3, respectively. The descriptions of these sys-
tems are compatible with each other and will be directly utilized
for the evaluation of the ternary system Ti-Al-Cr.

—— This work
Cr Jewett.1997(EDX_standardless)
—m— B2+Ti A I+~ TiAl
50 ——B2+-TiAl
cl4 —o—C14+B2+ - TiAl

—e—C14+ - TIAl
—o—-TIAI+TiAl,

30
T i,Al
Ti Al (at%) Al

Fig. 8. The calculated isothermal section of the Ti-Al-Cr system at Ti-rich corner at
1073 K along with the experimental data measured by Jewett in 1997 [37].
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r Chen.2009(EDX)
—v—B2+C14+y-TiAl

——B2+C14
—o—C15+B2+TizAl
—0—pTi+aTi+TizAl
—e—B2+Ti; Al
—s—pT i+C15

— This work
C
0

10

7
N

O, iar 8 Ly, 80 100
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Fig. 9. The calculated isothermal section of the Ti-Al-Cr system at Ti-rich corner at
1173 K along with the experimental data measured by Chen et al. in 2009 [42].

5.2. Ti-Al-Cr ternary system

5.2.1. Ti-rich corner of Ti-Al-Cr system

Fig. 4 shows the calculated isothermal section at 1073 K, and
the related experimental phase diagram summarized by Jewett in
1997 is shown in Fig. 5 [37]. By comparison of Figs. 4 and 5, it can
be found that the most of calculated phase equilibria are in good
agreement with Jewett’s experimental results [37], except that the
three phases regions in Fig. 5, B2 + Ti3Al + C15 and Ti + TizAl +C15,
are replaced by B2 +Ti3Al +C14 and (3Ti + Ti3Al + C14 in this work.

This replacement may be reasonable and can be explained as
follows: These three phase regions reported by Jewett in 1997 [37]
are referred to his earlier works [39-40] and Hayes’ results [30],
as shown in Figs. 6 and 7, where his interesting is focused on C14,
most of the experimental points are centralized in this phase region.

Cr —— This work
Jewett.1997(EDX_standardless)
—v— B2+Ti; A l+,-T iAl
—e—B2+- TIAl
—o—Cl14+B2+y- TiAl
—0—C14+y-TiAl
——y -TIAI+TIiAI,

0 ~ = X
0 10 77 20 30 "\ 40 50 60 / 70
T AL TiAlL
Ti Al (at%) Al

Fig. 10. The calculated isothermal section of the Ti-Al-Cr system at Ti-rich corner
at 1273 K along with the experimental data measured by Jewett in 1997 [37].
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»TIAL 60 1, 80
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Fig. 11. The calculated isothermal section of the Ti-Al-Cr system at Ti-rich corner
at 1273 K along with the experimental data measured by Kainuma et al. [45-46] and
Fujita et al. [47].

His conclusion is that the solubility of the element Al in C14 was
about 40at% at 1073 K and 1273K, and the Ti content was fixed
(about 33 at%) [39-40]. From the Fig. 6 it can be seen that, only
the point 13 involves in the three-phase regions of B2 + Ti3Al+C15
and BTi+TizAl+C15. He also pointed out that due to the small size
(<2 wm diameter) of C15 precipitates, the accurate determination
of the composition was not possible, which meant that the related
phase equilibria cannot be confirmed [40]. Furthermore, his dia-
grams at 1073K was partially based on the literature reported by
Hayes in 1992 [30], which was based on the experimental results
reported by Ence et al. in 1960s [31], as shown in Fig. 7. It is obvious
that Ence et al. did not confirm the phase equilibrium relationship of
the three-phase regions B2 + Ti3Al + C15 and BTi + Ti3Al + C15, espe-
cially the regions of C15 and B2 phase, which were marked by the

This work
Cr Kainuma.2000(EPM A)
60 —O—aT i+ TiAl

——pT i+ TiAl
——pT i+ T i
—O—T i+uT i+y-TiAl

\

\L»‘

7

20 oTi 40 60 80

Ti Al (at%) Al

Fig. 12. The calculated isothermal section of the Ti-Al-Cr system at Ti-rich corner
at 1473 K along with the experimental data measured by Kainuma et al. [46].
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Fig. 13. The experimental phase diagram at 1473 K reported by Fujita et al. [47].
Broken lines are speculative phase boundaries.

broken line. C14 was not presented in Ence et al.’s experimental
phase diagram, which was in contradiction to Jewett et al.’s results
mentioned-above [39,40]. Therefore, the Ence et al.’s results are not
adopted in this work. Besides, the accuracy of measurement for the
experimental point 2 in Fig. 6 was doubted by Bochvar et al. [33].
So, we only adopt the conclusion that the solubility of the element
Alin C14 was about 40 at% and the Ti content is fixed (about 33 at%)
at 1073 K and 1273 K [39,40] and ignored his report about the con-
stitution of three-phase regions. From Fig. 4, it can be seen that the

Q
¥
0 = A4 Y
20 aTi 40  v-TiAl g0 TiAl 80

Ti Al (at %) Al

Fig. 14. The experimental phase diagram at 1473 K reported by Hashimoto [48].
Broken lines are speculative phase boundaries.
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Fig. 15. The calculated isothermal section of the Ti-Al-Cr system at Ti-rich corner
at 1573 K along with the experimental data measured by Kainuma et al. [46].

solubility of Al in the C14 calculated in this work are in agreement
with Jewett et al.’s result.

On the basis of his previous’ [39,40] and Hayes’ [30] experimen-
tal results, another study was published by Jewett in 1997 [37].
The related tie-lines and tie-triangles around the y-TiAl phase were
determined by SEM/EDX (stardardless) method [37]. Fig. 8 shows
the comparison between the calculated results in this work and the
Jewett’s results in 1997, from which it can be seen that the calcu-
lated results agree well with the most of the experimental results
within the error.

Compared with the isothermal section at 1173 K reported by
Chenetal.in 2009 [42], it can be seen from Fig. 9 that the calculated
results in this work agree well with the most of the experimental
results within the error.

Fig. 10 is the calculated isothermal section at Ti-rich corner of
the Ti-Al-Cr system at 1273 K and Jewett’s experimental results
in 1997 [37] is shown in this figure. Fig. 11 shows the calculated
isothermal section at 1273 K and the experimental data measured
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Fig. 16. The calculated activity of Ti in Ti-47A1-2Cr along with the experimental
data reported by Jacobson et al. [49]; the reference state is hcp-a3 for Ti.
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Fig. 17. The calculated activity of Ti in Ti-47Al-13Cr along with the experimental
data reported by Jacobson et al. [49]; the reference state is hcp-a3 for Ti.

by Kainuma et al. [45,46] and Fujita et al. [47]. It can be seen that the
calculated isothermal at Ti-rich corner at 1273 K are in agreement
with the most experimental results within the error.

Fig. 12 shows the calculated section at 1473 K and Kainuma et
al.’s experiment results [46]. It can be found that the calculated
results are in agreement with the most of experimental results
reported by Kainuma. In 2001, Fujita et al. [47] and Hashimoto
[48] published the approximate phase equilibrium relationship
obtained by XRD method in the same region and most of their
results are in good agreements with Kainuma’s results near the
boundary of Ti-Al. However, there was an argument about whether
the C14 existed in this region. Fujita et al. denied this existence but
Hashimoto confirmed it, as shown in Figs. 13 and 14.

By observing the trend of activity of the element Ti in the
Ti-47A1-13Cr alloy [49], as shown in Fig. 17, a turning point appears
at 1540 K, which may imply that the phase transformation of C14
to 3(Ti, Cr) will occur at this temperature. Therefore, in this assess-
ment, Hashimoto’s experimental results is adopted [48], this imply
that C14 exists in 1473 K at Ti-rich corner (30 at% Al-60 at% Al).

Fig. 15 shows the calculated results at 1573 K in this work and
Kainuma et al.’s results [46]. It can be seen that the calculated
results agree well with the most of the experimental results within
the error.

The activities of the element Ti in nominal experimental
compositions Ti-47AI1-2Cr, Ti-47Al-13Cr and Ti-51A1-12Cr were
measured by Jacobson et al. in 1999 [49]. Figs. 16-18 show the
comparison between the calculated activities and the experimen-
tal ones. It is obvious that the calculated results agree well with the
most of the experimental results within the error.

5.2.2. Al-rich corner of of Ti-Al-Cr system

The experimental phase equilibrium data at Al-rich corner at
1073 K are not taken into account in this work due to the uncer-
tainties of experiment results, as shown in Fig. 5 [37].

Fig. 19 is the calculated isothermal section at Al-rich corner
of the Ti-Al-Cr system at 1273 K compared with Jewett et al.’s
experimental results. The experimental data involving TiAls is not
considered because the solubility of the element Cr in TiAl; was
not determined [41]. It can be found that the calculated results
agree well with the most of the experimental results within the
error.

Fig. 20 shows the calculated results at 1423 K in this work com-
pared with Park et al.’s [52] and Mabuchi et al’s results [53], and the
counterpart of experimental phase diagram published by Mabuchi
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Fig. 18. The calculated activity of Ti in Ti-51Al-12Cr along with the experimental
data reported by Jacobson et al. [49]; the reference state is hcp-a3 for Ti.

et al. is shown in Fig. 21. Comparing Fig. 20 with Fig. 21, it can be
found that most of the calculated phase equilibria are in good agree-
ment with the experimental results within the error. However, the
homogeneity range of Ti in C14 calculated in this work is much
smaller than the one reported by Mabuchi et al. Mabuchi et al. sug-
gested that the composition of Ti in C14 could be varied from 20 at%
to 40 at%, but it is kept around 33 at% in this calculation. This may
be explained as follows: the results of C14 reported by Jewett et al.
[39,40] and Hashimoto [48] are considered, which assumes that
the Ti content in C14 is constant at about 33 at%. Furthermore, the
compound AlCr; is stable at this temperature in the present calcu-
lation but it indeed existed in Mabuchi et al.’s experimental phase
diagram at 1423 K. This difference may be raised by its extrapola-
tion from the binary Al-Cr system. The latest reported diagram of
the Al-Cr system proposes that the AlCr, is formed by the reaction
of B=AICr; around 1183 K, which is much lower than 1423 K [22].
Therefore, it may be reasonable to consider that this phase is unsta-
ble at 1423 K. On the other hand, Mabuchi et al. did not confirm the
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Fig. 19. The calculated isothermal section of the Ti-Al-Cr system at Al-rich corner
at 1273 K along with the experimental data measured by Jewett et al. in 1996 [41].
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Fig. 20. The calculated isothermal section of the Ti-Al-Cr system at Al-rich corner at
1423 K along with the experimental data measured by Park et al. [52] and Mabuchi
etal. [53].

phase equilibrium relationship in these regions, which was marked
by a broken line in his experimental phase diagram.

5.2.3. Invariant equilibria

Table 2 lists the temperatures of the invariant reactions with
certainty at Ti-rich and Al-rich corners calculated in the present
work as well as the values reported by Bochvar et al. [33] and Chen
etal.[42], repectively. We also have added liquidus curve projection
containing the direction of monovariant lines and their directions
for this ternary system, as shown in Fig. 22. It can be seen that the
calculated results are in good agreement with the experimental
ones.

Ti

: N
Lu 7T125CI'3A167 AR

4 L
AN I\ I\ A
0 10 20%(() 40 50 60 70

Al v, _paCrn Cr(at %) Cr

Fig. 21. The experimental phase diagram measured by Mabuchi et al. at 1423 K[53].
Broken lines are speculative phase boundaries.

Table 2
Calculated and experimental results for the invariant reactions in Ti-Al-Cr system.
Reactions T (K) Source
At Ti-rich corner
liquid + oTi = BTi +y-TiAl(Uy ) 1706 [42]
1623-1763 [33]
1624 This work
liquid+y—TiAl= B(Cl’,Ti)+L12,Ti25Cl’3A157(U2) 1573 [33]
1583 [42]
1598 This work
oTi+vy-TiAl = 3Ti + TisAl 1273-1392 [33]
~1373 This work
v-TiAl +Ly5 TizsCrgAlgy = LavesC14 + TiAl, 1073-1273 [33]
1173-1273 This work
At Al-rich corner
liquid+BCr=y1 ,BA18Cr5 +L42-TizsCrgAlg7(Us) 1513 [33]
1533 [42]
1524 This work
liquid + TiAls = L1, -Tiz5CrgAlg7 + H_TiAl5(Us) 1603 [33]
1618 This work
About the formation of Ly, _TizsCrgAlgy
liquid + ’Y-TlAl +TiyAls =Lq5_TizsCrgAlgy 1623 [33]
llqu1d + ‘y—TiAl =L, Tip5CrgAlg; + H_TiAl3 1645 [42]
liquid+'y—TiAl=L12,T125Cr8A167 +Ti2A15(U5) 1645 This work
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Fig. 22. The calculated liquidus surface projection of the Ti-Al-Cr system.

6. Conclusions

The previous investigations for the Ti-Al-Cr ternary system
and the thermodynamic descriptions of the binary systems are
reviewed. The model of the ternary Laves phases is taken as
(Al,Cr,Ti);(Cr,Ti); the model of TizAl is taken as (AlCr,Ti)3(AlTi);
the model of v-TiAl is taken as (ALCr,Ti) (ALCr,Ti); the mod-
els of TiAl,, TiAl3 and TiyAls are taken as (Al,Cr,Ti)m(ALTi),; the
model of vy;_BAlgCrs is taken as (AlCr,Ti);7(ALTi)g;the model
of y,.aAlgCrs is taken as (ALCr,Ti);2(AlLCr)s(AlLCr)g and the
model of the new ternary compound L, _Tiy5CrgAlg; is taken as
(Al,Cr,Ti)y5(Al,Cr)g(AlLCr,Ti)g7. Based on these models, the Ti-Al-Cr
ternary system is assessed by means of the Calphad method using
the ternary experimental data in the literature. Then, a series of
isothermal sections from 1073 Kto 1573 Kand some invariant reac-
tions are calculated. It is shown that the present thermodynamic
assessment is in good agreement with the majority of experimental
results within the error. This assessment may provide the theoret-
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ical support to design the low cost titanium alloys related to this
system.
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