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Abstract Based on the available literature experimental
phase equilibria, the Ti-RE (RE = Ce, Er, Tm, Y) binary
systems have been critically reviewed and modeled by
means of the CALPHAD (CALculation of PHAse Dia-
gram) method. No compound exists in these binary sys-
tems. The solution phases, i.e., liquid, bec(BTi, 6Ce, BY),
hep(aTi, Er, Tm, oY) and fcc(yCe, YY), are described by
the substitutional solution model. A set of self-consistent
thermodynamic parameters is finally obtained for each of
these binary systems. Comparisons between the calculated
and measured phase diagrams show that most of the
experimental data are satisfactorily accounted for by the
present thermodynamic descriptions.
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1 Introduction

Ti alloys have been widely used for aviation, aerospace,
automotive, biomedical applications, etc., due to their high
specific intensity, good corrosion resistance, excellent
toughness and good biocompatibility."'! The rare earth
(RE) elements are important modifier of multi-component
commercial Ti alloys. For example, the addition of Ce and
Y to Ti alloys can deoxidize the oxygen content of the
titanium alloy and improve the oxidation resistance.'** In
addition, RE-transition metals are used as permanent
magnets which derive their exceptional magnetic proper-
ties from the favourable combination of rare earth metals
with transition metals,[4J such as Ti-, Zr-based multi-
component alloys with rare earth element. The design of
compositions of Ti-RE based novel materials requires
information about the phase equilibria of the Ti-RE sys-
tems. The Ti-RE (RE = Gd, Nd, La) systems have been
modeled by Mattern et al.°>””! The present work is devoted
to thermodynamic description of the Ti-RE (RE = Ce, Er,
Tm, Y) systems.

The Ti-RE (RE = Ce, Er, Tm, Y) systems are subsys-
tems of many multi-component Ti alloys. In order to pro-
vide a reliable basis for thermodynamic extrapolations and
calculations in related ternary and higher-order systems,
accurate thermodynamic assessment of the Ti-RE
(RE = Ce, Er, Tm, Y) systems is essential. Thermody-
namic description for the Ti-RE (RE = Ce, Er, Tm, Y)
systems is part of our efforts!"**! to establish thermody-
namic databases of multi-component Ti based alloys.
However, to the best of our knowledge, so far the ther-
modynamic parameters of these binary systems are not
available. The purposes of the present work are to critically
evaluate the measured phase diagram data available in the
literature and to obtain a self-consistent set of
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thermodynamic parameters for these binary systems by
means of the CALPHAD approach.!'%'!]

2 Evaluation of Experimental Data
2.1 The Ti-Ce System

The Ti-Ce system has been experimentally investigated by
two groups of authors Taylor'?! and Savitskii and
Burkhanov.!"*'" No binary phase has been found and a
miscibility gap exists in the liquid phase. Based on the
microscopy and x-ray diffraction, Taylor''*! examined the
Ti-rich alloys containing up to 7.2 at.% Ce. The solubility
of Ce in (aTi) and (BTi) was less than 0.4 at.% Ce in the
range of 750-980 °C. By means of microscopy and thermal
analysis, Savitskii and Burkhanov!'®! studied the diagram
in the range of 0-7.2 at.% Ce and reported two invariant
reactions Liquid#2 < Liquid#1 + (BTi) and Liquid#1 +
(BTi) < (aTi) located at 1450 and 915 °C, respectively.
Later, Savitskii and Burkhanov!'¥ studied in detail the
phase equilibria of the Ti-Ce system by means of thermal
analysis and microscopy. Four invariant reactions,
i.e., Liquid#2 < Liquid#1 + (BTi), Liquid#1 + (BTi) <
(aTi), Liquid#1l < (8Ce) + (aTi) and (8Ce) < (yCe) +
(oTi) were reported located at 1450 £ 25, 910 + 10,
790 + 20 and 710 + 20 °C, respectively. Murray!'"”!
reviewed the Ti-Ce system based on the above experi-
mental work"?"'* and constructed the Ti-Ce phase
diagram.

2.2 The Ti-Er System

For the Ti-Er system, limited experimental phase equilibria
data are available in the literature. This system is charac-
terized by the absence of intermetallic compounds and
limited mutual solubilities in the solid state. Love!'®
determined the solid-liquid equilibria of the Ti-Er system
using metallography, x-ray diffraction and differential
thermal analysis. Two invariant reactions were reported by
Love,“ﬁ] ie., the one eutectic reaction Liquid <
(Er) 4+ (BTi) at 1320 £ 20 °C and 26 at.% Ti, and the
other peritectoid reaction (Er) + (BTi) < (aTi) at 890 °C
and 99.7 at.% Ti. Beck!'”! reported some miscibility gaps
in the liquid phase by metallography. However, thermo-
dynamic calculations by Murray!'® suggest that the mis-
cibility gap is metastable in this system although the
miscibility gap lies close to the liquidus. Wang!'!
ined the splat-cooled Ti-Er alloys for evidence of
metastable extension of the solid solubility of Ti in (Er)
using transmission electron microscopy and found the
maximum solubility was about 5 at.%, representing a
possible slight (~ 1 at.%) extension from the equilibrium
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value. Based on the experimental information of the Ti-Er
system, Murray!'® constructed an assessed Ti-Er phase
diagram.

2.3 The Ti-Tm System

For the Ti-Tm system, an experimentally determined phase
diagram is not available in the literature. A tentative Ti-Tm
phase diagram has been reported by Kubaschewski-von
Goldbeck'*! according to the general characteristic of the
Ti-RE system. Similar with the Ti-Er system, there is no
binary phase and liquid miscibility gap in the Ti-Tm sys-
tem. The solubilities of Tm in (aTi) and (BTi) and Ti in
(Tm) are limited. Two invariant reactions were reported by
Kubaschewski-von Goldbeck,[zm i.e., the one eutectic
reaction Liquid < (Tm) + (BTi) at 1330 °C and 26.4 at.%
Ti, and the other peritectoid reaction (Tm) + (BTi) <
(aTi) at 890 °C and 99.2 at.% Ti. The Ti-Tm phase dia-
gram has been redrawn by Massalski.*"

2.4 The Ti-Y System

The phase equilibria of the Ti-Y system have been inves-
tigated by several groups of researchers.!'*'%2224 [ gvel!®]
determined invariant reactions temperatures by differential
thermal analysis and estimated liquidus temperatures by
optical pyrometry. However, the experimental results were
scattered. The solid solubilities, invariant melting temper-
atures and liquidus compositions were measured by Bare
and Carlson'*?! using the microscopy, incipient melting
technique and chemical analysis, respectively. By means of
metallography, Lundin and Klodt"** determined the reac-
tion type of (BY) < (aY) with the liquid phase to be the
catatectic one and the solubilities of Y in («Ti) and (BTi) to
be about 0.1 and 0.2 at.% at the eutectoid temperature
870 °C. Savitskii and Burkhanov!'" studied in detail the
phase equilibria of the Ti-rich part of the Ti-Y system by
means of thermal analysis and microscopy. Two invariant
reactions Liquid#1 < Liquid#2 4+ (BTi) and (BTi) <
(aTi) + (aY), located at 1400 and 890 °C, respectively,
were reported and the phase diagram of Ti-20 wt.% Y was
constructed by Savitskii and Burkhanov."'*! Beaudry?*!
verified the catatectic reaction (BY) < Liquid + (oY) at
1440 £ 5 °C and constructed the Y-rich part of the phase
diagram up to 22 at.% Ti by thermal analysis. The Ti-Y
system has been thermodynamic optimized by Gong
et al.””>! based on the reported experimental data in the
literature. However, the catatectic reaction (BY) < Lig-
uid 4 (oY) was not been considered, and the thermody-
namic parameters of the Ti-Y system were not provided in
the work of Gong et al.”®! Therefore, it is necessary to
reassess the Ti-Y system based on the available experi-
mental data.
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;f)z?rtozlyigr?gzgzr:ri;frs for Systems Phases Models Thermodynamic parameters
;};estzrln}:E (RE = Ce.En TmY)  ryce Liquid (Ce, Ti), 0L _ 36 026 — 1.93 - T
L 786
2L~ 1519
(BT, 5Ce) (Ce, Ti), Vas LN = 46,75042.15 - T
LT — 2500
(oTi) (Ce, Ti)1Vaos 0L e = 43,516 — 1.94-T
(vCe) (Ce, Ti),Va, OLICE) o = 534,687+29.60 - T
Ti-Er Liquid (Er, Ti), 0 Lirfl%‘iid =31,260-2.31-T
i = —4143
2L~ 1529
(BTi) (Er, Ti); Vas oL . = 61,998
T, = et
(Er, oTi) (Er, Ti);Vags L) — 62,373 —5.54- T
LT s
Ti-Tm Liquid (Ti, Tm), opLaud _ 28 859
L = 2027
L5859~ 1650
(BTi) (Ti, Tm); Vay oGP, = 50004+°GiP
orf — 53,109
(oTi, Tm) (Ti, Tm);Vay s OL(T??ﬁTm) = 52,670
Ti-Y Liquid (Ti, Y) 0L§§‘§3“‘ =28,755+1.04 - T
L = —1419
2Ly = 1312
(BT, BY) (Ti, Y)1Vay oY _ 52 933
LAY 2081
(oTi, oY) (Ti, Y)1Vag s OLEEw) = 59,096
Y = 4214
(/Ti, YY) (Ti, Y);Va oL = 20,000

Gibbs energy in J/mol-atom and temperature (7) in Kelvin. The Gibbs energies for pure elements Ti, Ce,

Er, Tm and Y are from the SGTE compilation by Dinsdale

3 Thermodynamic Modeling
3.1 Unary Phase

The Gibbs energy of the pure element i (i = Ti, Ce, Er, Tm,
Y) in the phase ¢ is expressed by the following equation:

°G{(T) = G{(T) — H}™
=a+b-TH+c-T-In(T)+d-T*+e-T",
+f T +g-T"+h-T
(Eq 1)

@ Springer

[26]

in which °GY is the Gibbs free energy of the pure element,
H;™ is the molar enthalpy of the element i at 298.15 K and
1 bar in its standard element reference (SER) state, T is the
absolute temperature, and the coefficientsa ~ h are constant.
In the present work, the Gibbs energies of Ti, Ce, Er, Tmand Y
are taken from the SGTE compilation by Dinsdale.”®!

3.2 Solution Phase

The Gibbs energies of the solution phases liquid, bee(BTi,
dCe, BY), hep(aTi, Er, Tm, oY) and fcc(yCe, YY) are
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Table 2 Calculated compositions and temperatures of the invariant reactions in the Ti-RE (RE = Ce, Er, Tm, Y) systems along with the

experimental data

System Invariant reactions Reaction type Composition, at.% Ti Temperature, °C References
Ti-Ce Liquid#2 < Liquid#1 + (BTi) Monotectic 71.0 23.0 98.3 1450 + 25 14
78.2 24.6 98.1 1451 This work
Liquid#l + (BTi) < (oTi) Peritectic 2.0 99.6 98.8 910 + 10 14
2.0 99.5 98.7 906 This work
Liquid#1 < (8Ce) + (aTi) Eutectic 1.2 0.2 99.2 790 £ 20 14
1.2 0.5 99.1 787 This work
(8Ce) <« (yCe) + (aTi) Eutectoid 0.1 ~0 99.4 710 £ 20 14
0.3 ~0 99.3 718 This work
Ti-Er Liquid < (Er) + (BTi) Eutectic 26.0 3.4 99.1 1320 + 20 16
29.0 2.0 99.5 1314 This work
(Er) + (BTi) < (oTi) Peritectoid 1.0 99.9 99.7 890 16
0.4 99.9 99.7 888 This work
Ti-Tm Liquid < (Tm) + (BTi) Eutectic 26.4 1.0 98.6 1330 20
26.4 2.0 98.6 1332 This work
(Tm) + (BTi) < (aTi) Peritectoid 1.0 99.5 99.2 890 20
0.5 99.7 99.4 887 This work
Ti-Y (BY) < Liquid + (2Y) Catatectic 1.0 6.0 1.0 1440 £ 5 24
1.3 4.7 0.9 1454 This work
Liquid#1 < Liquid#2 + (BTi) Monotectic 70.0 20.0 98.0 1370 24
71.0 22.0 98.1 1370 This work
Liquid#2 < (BTi) + (oY) Eutectic 20.0 99.0 2.0 1355 £ 10 24
20.0 98.1 2.0 1357 This work
(BTi) < (aTi) + (aY) Eutectoid 99.9 99.9 0.2 870 23
99.7 99.9 0.3 879 This work

described by the Redlich—Kister polynomial.*”! The molar
Gibbs energy of the solution phase ¢ (¢ = liquid, bec(BTi,
0Ce, PBY), hep(aTi, Er, Tm, aY) or fcc(yCe, YY)) is
expressed as follows:
G? — HR = xp; - °G$, + x; - °G?
+ RT(xTi Inxg; + x; In xi)
n : (Eq 2)
+ x7i - X - ZjL%j(xTi —x;)’
j=0
where HER is the abbreviation of xz; - HyX + x; - HYER,
x7; and x; are the mole fractions of Ti and component i
(i = Ce, Er, Tm, Y), respectively. xti-°GJ; + x; - °GY
denotes the weighted sum of the Gibbs energies of the pure
Ti and component i (i = Ce, Er, Tm, Y) in the state of ¢
phase. RT(x7; In x7; + x; In x;) correspond to the contri-
bution of the ideal entropy of mixing to the Gibbs energy.
Xri - X; - Zj"’: o Lt (xmi — x;)’ denotes the excess Gibbs
energy. jL%J is the jth interaction parameter of phase ¢,
and it is equal to /LY = a; + b; - T. The coefficients a; and

b; G =0, 1, 2) are to be optimized in the present work
according to the experimental data.

4 Results and Discussion

The optimization of the thermodynamic parameters in the
Ti-RE (RE = Ce, Er, Tm, Y) systems was performed with
the PARROT module of the Thermo-calc software,®!
which works by minimizing the square sum of the differ-
ences between experimental and computed values. The
step-by-step optimization procedure described by Du
et al.*”! was utilized in the present assessment. In the
optimization, each piece of experimental information was
given a certain weight based on uncertainties of the data.

Taking the Ti-Ce system as an example, the optimiza-
tion began with the invariant reaction Liquid#2 < Liq-
uid#1 + (BTi) at 1450 £ 25 °C. The parameters °L1id,
I tauid = apnd 2pHavid in Eq 2 of the liquid phase were
introduced in order to give an adequate description of the
liquid phase due to the liquid miscibility gap. In addition,
the parameters °L*™ and 'L®™ in Eq 2 of the (BTi) phase
were also included for reproducing the invariant reaction
Liquid#2 < Liquid#1 + (BTi). Then, similar to the
invariant reaction Liquid#2 < Liquid#1 + (BTi), the other
invariant reactions Liquid#1 + (BTi) < (aTi),
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Fig. 1 Calculated phase diagram of the Ti-Ce system according to the present work: (a) the whole composition, and (b) the Ti-rich side along

with the experimental data!'*
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Fig. 2 Calculated phase diagram of the Ti-Er system according to the
present work

Liquid#1 < (8Ce) + (aTi) and (8Ce) < (yCe) + (aTi)
were introduced in the modeling one by one. Each time
when the invariant reaction was calculated, the parameters
of the involved phases in the reaction were optimized.
Finally, all the parameters were simultaneously optimized
by taking into account all of the phase diagram experi-
mental data. The procedures of optimization for the Ti-RE
(RE = Er, Tm and Y) systems were analogous with that
for the Ti-Ce system.

The optimized thermodynamic parameters for the Ti-RE
(RE = Ce, Er, Tm and Y) systems are listed in Table 1,
and the calculated compositions and temperatures of the
invariant reactions for the Ti-RE (RE = Ce, Er, Tm and Y)

@ Springer
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Fig. 3 Calculated phase diagram of the Ti-Tm system according to
the present work

systems along with the literature data are listed in Table 2.
It can be seen that the calculated temperatures and com-
positions of invariant reactions agree well with the litera-
ture data.

Figure 1 is the calculated Ti-Ce phase diagram. Fig-
ure 1(a) is the one with the whole composition and
Fig. 1(b) is the one at the Ti-rich part along with the
experimental data from the work of Savitskii and
Burkhanov.!'* As can be seen from Fig. 1 and Table 2, the
experimental data are reproduced well by the present cal-
culation. The calculated liquid miscibility gap is 51 at.% Ti
at 1589 °C. The monotectic reaction Liquid#2 < Liq-
uid#1 + (BTi) experimentally observed is well reproduced
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by this work. The temperatures of peritectic reaction Lig-
uid#1 + (BTi) <« (aTi) and eutectic reaction Lig-
uid#1 < (8Ce) + (aTi) are calculated to be 906 and
787 °C, which are consistent with the experimental ones
910 £ 10 and 790 =+ 20 °C, respectively. The calculated
temperature of the eutectoid reaction (8Ce) <
(yCe) + (aTi) is to be 718 °C, which also agree well with
the experimental one 710 £ 20 °C.

Figure 2 shows the calculated phase diagram of the Ti-Er
system. As can be seen from Fig. 2 and Table 2, the calcu-
lated eutectic point of reaction Liquid < (Er) + (BTi) lies
at 1314 °C and 29.0 at.% Ti and the calculated peritectoid
point of reaction (Er) + (BTi) < (aTi) is located at 888 °C
and 0.4 at.% Ti, which agree well with the literature’s
reported ones.!'®) However, the curvature of the liquidus on
the Ti-rich side is a little strange. Due to the limited exper-
imental data from the literature, the invariant reaction Liq-
uid < (Er) + (BTi) at 1320 £20 °C and 26 at.% Ti

reported by Love!'® is considered to be reliable in this work.

During the optimization, the parameters of the liquid, (Er)
and (BTi) phases are used in order to reproduce the temper-
ature and composition of this invariant reaction. Based on the
good agreement with this piece of experimental datum,®!
the miscibility gap of the liquid phase appears on the Ti-rich
side, or a little strange curvature of the liquidus always arises
whatever parameters are used. However, thermodynamic
calculations by Murrry!'®! suggest that the miscibility gap of
the liquid phase is metastable in this system. Thus, the result
with a little strange curvature of the liquidus is accepted in
the present work. The calculated results are consistent with
the assessed phase diagram of the Ti-Er system by Mur-
rry."'®! For the strange curvature of the liquidus, more
experiments are necessary to determine it in our future work.

The calculated Ti-Tm phase diagram is shown in Fig. 3.
It can be seen from the Fig. 3 and Table 2, the calculated
eutectic reaction Liquid < (Tm) + (BTi) at 1332 °C and
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Fig. 4 Calculated phase diagram of the Ti-Y system according to the present work: (a) the whole composition, (b) the Ti-rich side along with the

experimental data,!'!

and (c) the Y-rich side along with the experimental data

[22,24]

@ Springer



50

J. Phase Equilib. Diffus. (2018) 39:44-50

26.4 at.% Ti and the  peritectoid  reaction
(Tm) + (BTi) < (aTi) at 887 °C and 0.5 at.% Ti agree
well with the predicted ones 1330 °C and 26.4 at.% Ti, and
890 °C and 1.0 at.% Ti, respectively. The curvature of the
liquidus in the Ti-rich side of the Ti-Tm system is also a
little strange. The characteristic of the Ti-Tm system is
similar to the Ti-Er system.

Figure 4 presents the calculated Ti-Y phase diagram
according to the present work, in which Fig. 4(a) is the whole
composition, Fig. 4(b) is the Ti-rich side in composition
range of 86-100 at.% Ti along with the experimental data,''*
and Fig. 4(c) is the Y-rich side in the composition range of
0-25 at.% Ti along with the experimental data.'**** As can
be seen from this figure, most of the experimental data are
well accounted for by the present modeling. The calculated
liquid miscibility gap exists at 1502 °C and 41 at.% Ti.

5 Conclusions

All the experimental phase diagram data in the literature
for the Ti-RE (RE = Ce, Er, Tm, Y) binary systems were
critically evaluated. A set of self-consistent thermodynamic
parameters is obtained for the Ti-RE (RE = Ce, Er, Tm, Y)
systems by using the CALPHAD method. The calculated
phase diagrams and thermodynamic properties agree well
with the experimental data in the literature.
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