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Thermodynamic re-assessment of Fe—Ti binary system
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Abstract: The Fe—Ti binary system was re-assessed using the CALPHAD method in order to improve the capability of being
extrapolated to a ternary or higher-order system. Compared with previous assessments, the main focus was put on the thermodynamic
description of the two intermetallic compounds Fe,Ti and FeTi. The C14 Laves phase Fe,Ti was described by the two-sublattice
model, which is widely used at present. By checking the homogeneity range on the boundary of the ternary systems involving the
binary, the phase boundary of this compound was further confirmed. The FeTi phase with a BCC_B2 crystal structure was treated as
the ordered phase of the BCC_A2 phase and a unified Gibbs energy function was used to describe both the ordered and disordered
phases. Reproduction of the specific heat capacities of these compounds was another aspect paid particular attention to.
Comprehensive comparisons of the calculated and experimental results regarding the phase diagram and thermodynamic properties
show a good agreement between them and prove the validity of the present thermodynamic description.
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1 Introduction

Fe-based alloys have been in the research focus for
a long time and still remain attractive due to technical
applications of all kinds of steels. It was found that the
addition of up to 2% (mass fraction) Ti for the formation
of carbides enhances the oxidation resistance because it
acts as grain refiner [1]. Most recently, XU et al [2]
carried out an investigation on the effect of Ti on the
yield strength of martensitic steel fabricated by vacuum
induction melting. It turned out that the addition of Ti
can improve the yield strength of steel by 188 MPa,
which is ascribed to precipitation hardening from TiC
precipitates in the martensitic matrix. Moreover, the
yield strength can be further enhanced through the
process of tempering and quenching due to the formation
of superfine sized grains and a large amount of
nano-precipitates.

Besides the traditional applications in steels, Fe and

Ti are also the important components in hydrogen
storage materials. Metallic materials of either hydride
forming transition metals MH, (n=1, 2, 3), metallic
hydrides of intermetallic compounds ABH, (x=0.5, 1, 2,
5) or complex hydrides forming an ionic or covalent
compound can be used for hydrogen storage [3,4]. In the
Fe—Ni—Ti system, the FeTi compound with partial
substitution of Fe with Ni [5,6] and Ti,Ni [4] is capable
of high hydrogen absorption.

Since the Fe—Ti binary is the key sub-system of the
Fe-Ti—-C and Fe—Ni-Ti ternary systems with
applications as mentioned above, a critical evaluation
and assessment of the phase diagram of the binary
system is extremely important and urgent. Up to now,
there is no a generally accepted version of the phase
diagram. Yet, the optimized results of KUMAR et al [7]
are mostly cited. Their results are in good agreement
with all the available experimental data on phase
diagram and thermodynamic properties except the
specific heat capacities of the FeTi and Fe,Ti compounds.
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In addition, the extrapolation to ternary systems of
interest is not reliable. Thus, in this work, a
re-assessment of the Fe—Ti binary system is presented,
hoping to give a reasonable and reliable thermodynamic
description with a good ability of being extrapolated to
any ternary or higher-order system.

2 Literature review

2.1 Information on phase diagram

The phase boundaries and invariant reactions above
1250 °C from 0 to 52% (mole fraction) Ti were
determined by HELLAWELL and HUME-ROTHERY [8]
using thermal analysis. KO and NISHIZAWA [9]
reported the equilibrium composition of ferrite obtained
by X-ray diffraction and electron probe micro-analysis
(EPMA) and coexisting Fe,Ti compound only by EPMA.
Their results regarding the solubility of Ti in BCC_Fe are
consistent with those given by SPEICH [10] and
ABRAHAMSON and LOPATA [11]. By means of
micrographic analysis, thermal analysis and X-ray
diffraction, van THYNE et al [12] determined the partial
phase diagram from the composition of FeTi (50%Ti,
mole fraction) to pure Ti. This is in general accordance
with the BCC_Ti/BCC_Ti+HCP_Ti phase boundary
given by McQUILLAN [13] and the Ti-rich liquidus and
solidus by KIVILAHTI and TARASOVA [14]. The
solubility of Fe in HCP_Ti has been measured by RAUB
et al [15], BALESIUS and GONSER [16], MATYKA et
al [17] and STUPEL et al [18]. Only the recent
investigation by STUPEL et al [18] was considered
because of the relatively large scatter of different sets of
data.

For the investigations of the homogeneity range of
the Fe,Ti compound, the results by HELLAWELL and
HUME-ROTHERY [8], DEW-HUGHES [19] and QIU
and JIN [20] are consistent, indicating homogeneity
range centered on Fe,Ti. However, the results by
MURAKAMI et al [21], KO and NISHIZAWA [9],
BOOKER [22] and RAMAEKERS et al [23] are
different, showing a homogeneity range leaning toward
the Fe-rich side of Fe,Ti. In order to determine which set
of data is more accurate, the homogeneity ranges of the
Fe,Ti compound at 1173 K on the boundary of the
Fe—Ti—Zr and Fe—Ti—Nb ternary systems are checked. It
turns out to be 29%—34% (mole fraction) Ti [24,25]. This
confirms that the results by MURAKAMI et al [21], KO
and NISHIZAWA [9], BOOKER [22] and
RAMAEKERS et al [23] are more reliable and are thus
taken into consideration during the optimization. The
width of the single phase field for Fe,Ti was reported to
be 25%—37% (mole fraction) Ti at the -eutectic
temperature, which was recommended by MURRAY
[26]. For the FeTi compound, MURAKAMI et al [21],

BOOKER [22] and DEW-HUGHES [19] investigated its
homogeneity range and 51.5%—52.0% (mole fraction) Ti
was recommended by MURRAY [26].

The gamma loop determined by HELLAWELL and
HUME-ROTHERY [8], MOLL and OGILVIE [27],
WADA [28] and FISCHER et al [29] is consistent. The
maximum extension of the FCC_Fe phase was reported
to be 0.74% (mass fraction) Ti at 1423 K with the
corresponding composition of BCC Fe 1.24% (mass
fraction) Ti [29].

2.2 Information on thermodynamic properties

The enthalpy of mixing of the liquid phase at 1873
K was measured calorimetrically by BATALIN et al [30]
and WANG et al [31]. Subsequently, THIEDEMANN et
al [32] measured the enthalpy of mixing of the liquid
phase using levitation alloying calorimetry at 1950 K
from 0 to 42% (mole fraction) Ti and at 2112 K from 0 to
31% (mole fraction) Fe. The partial enthalpies of mixing
in the liquid phase were determined by ESIN et al [33] at
2000 K from 0 to 42% (mole fraction) Ti. Besides, the
activities of Ti in the liquid phase at 1873 K were
measured by FRUEHAN [34] and FURUKAWA and
KATO [35] using the electromotive force (emf) method
and the Knudsen cell-mass spectrometer combination
technique, respectively.

The specific heat capacities of the intermetallic
compounds FeTi and Fe,Ti were measured by WANG et
al [36] from 120 to 700 K employing differential
scanning calorimetry. The enthalpy of formation of FeTi
was determined by KUBASCHEWSKI and DENCH [37]
and GACHON et al [38] using direct reaction
calorimetry. The reaction product was checked with
X-ray diffraction in both of their work to ensure the
stoichiometry and the structure. KUBASCHEWSKI and
DENCH [37] reported that the FeysTips alloy consisted
of almost entirely FeTi with some traces of Fe,Ti, while
the Fey47Tig33 alloy consisted of FeTi and BCC_Fe with
little amount of Fe,Ti. However, GACHON et al [38]
found that Fe4;Tiy33 was pure while FeysTiy s contained
traces of Fe,Ti. Moreover, DINSDALE et al [39]
measured the enthalpy of formation of these two
intermetallic compounds, as quoted in Ref. [40]. The
results given by GACHON et al [38] and DINSDALE et
al [39] are consistent with each other and thus used for
the optimization.

2.3 Previous assessments

The Fe—Ti binary phase diagram was first assessed
by KAUFMAN and NESOR [41] and then by many
others [7,26,42—45]. Only the recent assessments will be
discussed here to save space. In the work of
DUMITRESCU et al [43] and JONSSON [44], the
optimized phase boundary of the Fe,Ti compound is
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inappropriate, as discussed in section 2.1. In addition, the
FeTi compound was treated as a stoichiometric phase,
without considering the solubility of Fe and Ti
components. No order—disorder transition between the
FeTi and BCC A2 phases was taken into account.
KUMAR [7] made an improvement in his work and has
thus been cited often. Yet, it was found that the
experimental heat capacities of FeTi and Fe,Ti phases are
not well reproduced. Most recently, KEYZER et al [45]
re-optimized this binary system based on the work of
KUMAR [7], with two major modifications. One is the
use of a 3-sublattice model to describe the C14 Laves
phase Fe,Ti. The other is changing the sign of the mixing
enthalpy of the HCP phase to be the same as that of the
FCC phase since both HCP and FCC phases are of
closely packed structure with similar coordination.

In addition to maintaining the virtue of the
optimized results of KUMAR [7], the optimization
carried out in this work gives a good description of the
specific heat capacities for Fe,Ti and FeTi compounds,
uses 2-sublattice model for Fe,Ti phase, and makes the
sign of the enthalpy of mixing of the HCP phase the
same as that of the FCC phase.

3 Thermodynamic models

3.1 Solution phases

The solution phases including liquid, FCC, BCC
and HCP are all described with the subsitutional solution
model. The mole Gibbs energy can be expressed as a
sum of the Gibbs energy of the pure elements, the Gibbs
energy contributed from ideal entropy of mixing and the
excess Gibbs energy, i.e.,

G*= > x,°G) +RT Y x;Inx,+*G* (1)
i=Fe,Ti i=Fe,Ti

where ¢ denotes the solution phase; x; denotes the mole
fraction of component i (i=Fe, Ti); OG;" is the molar
Gibbs energy of pure component i in the structure of
phase ¢, which is taken from the SGTE data compiled by
DINSDALE [46]. The excess term is written as a
Redlich-Kister polynomial, i.e.,

N

G = XFeXTi Z(xFe —x1;)’ '(J)L(Ilz‘e,Ti 2
J=0,1-

where

DL = 4+ BT A3)

A and B are the parameters to be optimized in this work.

3.2 Laves phase

Following the common rule of describing the Laves
phase, the Fe,Ti compound is modeled using two
sublattices with a ratio of 2:1. The Gibbs energy function

per formula unit is written as:

G (Ee,Ti), (Fe,Ti) = VieV¥eGrere + VieVTiOreti +
V1iVkeGrire + YTV TiOricri +
2RT (ype In ype + ¥ Inyp) +
RT(yge Inype + y3i Inypi) +

2 ' " J [ J
YreVTiVFe Z LFe,Ti:Fe(yFe yr) +
j=0,1.--

’ ' " J [ J
YeeYT1iVTi Z Lpe 1imi (Vpe = Y1) +
20,1

roon o J " " NJ
YreYFeVTi Z Lieperi(Vre = ¥1i)” +
J=0,1---

’ "o_n J o nNJ
YTiVEeTi Z LTi:Fe,Ti(yFe yu) +

firy
VEeVTiVEeVTi Lre TicFe,Ti 4)

where

Grere =3"GESC +15000 (5)

Grigi =3°GEP +15000 (6)

Greri = a+bT +cTInT +dT* + el (7)

To fulfill the Wagner-Schottky defect model [47],
the Gibbs energy of the Ti,Fe end-member is expressed
as:

GTi:Fe = 3GFe:Fe + 3(;Ti:Ti +30000— GFe:Ti (8)

In this work, the contribution of the end-members to
the Gibbs energy of Fe,Ti is enough to fit the
experimental data well including the phase boundary, the
specific heat capacity and the enthalpy of formation of
this compound.

3.3 Ordered phase

The BCC B2 ordering of the FeTi phase is modeled
with two sublattices (Fe,Ti)ys(Fe,Ti)ys, each sublattice
corresponding to a site of the crystallographic structure.
The molar Gibbs energy is formalized as:

Gr(;rd :refGord +idGord+exGord (9)
where
G =3 Y G (10)
i
id gord :RT(I/zz yiny;+1/2> " y/1n y;’] (11)
ORI AUDI SR I I ey I ras
i j>i k i j>i k
D S VYL (12)
i >k >k
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with
d 0 yord ’ r\1yord
?,rj:kz L?,rj:k +(i =y} L?,rj:k (13)
d 0 yord " ny1yord
Lir:i,jz Lir:i,j +(i—y5) Lir:i,j (14)

The subscripts i, j, k and / denote the component Fe or Ti.
y; is the site fraction of i in the first sublattice, and y; is
that in the second sublattice. GIY, and GUS, are
expressed in the same formulas as those given in Eq. (7).
The two sites represented by two sublattices are
crystallographically equivalent. Then the exchange of the
occupation of the two sublattices should not lead to a
change in Gibbs energy, and the relations
G = G4 and %rgm = Lj-’fl}de,n are thus obtained.
Furthermore, this model allows the thermodynamic
properties of the disordered phase to be evaluated
independently. This is achieved by splitting the Gibbs

energy into three terms, i.e.,
G =G (1) + G (7)) = G () (15)

where G3%(x,) is the Gibbs energy of the disordered
state, which has the same expression as the substitutional
solution phase; G2(y/,y!) is the Gibbs energy
described by the sublattice model, containing implicitly a
contribution from the disordered state; G2 (x;) denotes
the energy contribution of the disordered state to the
ordered phase. The last two terms cancel each other
when they are equal, thus corresponding to a disordered
state.

4 Results and discussion

The optimization of the Fe—Ti binary phase diagram
was performed using the Parrot module in the
Thermo-Calc® software developed by SUNDMAN et al
[48]. All the parameters optimized in this work are listed
in Table 1. The calculated phase diagram of the Fe—Ti
binary system along with the experimental data is shown
in Fig. 1. It can be seen that the experimental data are
reproduced very well. The calculated invariant reactions
and compositions of the equilibrium phases are
summarized in Table 2. Figure 2 shows the calculated
gamma loop, which agrees well with all the experimental
data as well as the assessed work of KUMAR et al [7].
For the Ti-rich phase diagram, the calculated result in
this work fits better with the most recent experimental
data given by STUPEL et al [18] than the work of
KUMAR et al [7], as indicated by Fig. 3.

A comparison was made between the calculated
enthalpy of mixing of the liquid phase at 1873 K and the
measured values by BATALIN et al [30], WANG et al
[31] and THIEDEMANN et al [32]. They are consistent
with each other as seen from Fig. 4. The calculated

partial enthalpy of mixing of the liquid phase at 2000 K
and the activities of Fe and Ti in the liquid phase at 1873 K

Table 1 Thermodynamic parameters optimized in this work

Phase Model Thermodynamic parameter
Orbia  ——74300+17.839T
Liquid (e, Ti) _
'7ka  —8299.849-6.101T
07FCC A _ —52149.856+9.265T
FCC_A1  (Fe, Ti) 'L =4755.900-4.982T
2 [FCCAL ~29205.228-11.046T
BCC A2 _ _
OTcFe,Tf =—2000
0[BCCA2 _—69241.924+25.246 T+
BCC A2  (Fe, Ti) 0.00017°+1200007""

1[BCCA2 _5018.986-4.992T

2/BCCA2 _23028.241-13.110T

GBCC B2 _ GBCC B2 _
FeTi — YTiFe -
—30028.003+4.495T
BCC B2 (Fe, Tikos 17BCC B2 _1,BCC_B2
(FeTi)  (Fe, Ti)os L tire = Lrerers = 0015

1;BCC B2 _1yBCC_ B2 _
LFC,Ti:Ti - LTi:Fc,Ti = 11000

Cl14_Laves (Fe, Ti), GLlttaves ——85500+410.0417-

(Fe; Ty (Fe, Ti) 73 5537In7-0.010177°+124212.427"
HCP A3  (Fe, Ti) 0 LI;STPFM =—25000+35.004T
2000
¥ 1500
o
3
g
2
£
(3] 23
= 1000
s HCP_Ti
500 . . .
0 0.2 0.4 0.6 0.8 1.0
x(Ti)
051 MacQ Z59Mur X79Boo ¥ 85Ram
®52Van +62Spe ©79Ko m87Kiv

& 57Hel(heating) * 66Abr #*80Dew x93Qiu
v 57Hel(cooling)

Fig. 1 Calculated phase diagram of Fe—Ti binary system



2208 BO Hong, et al/Trans. Nonferrous Met. Soc. China 22(2012) 22042211

Table 2 Invariant reactions and critical points in Fe—Ti binary 1500

system e 99Kum A 67Rau
Reaction T/K Phase composition x;  Ref. This work S;?)E«alt
a
1562 0.16 - - [26] 1300 % 86Stu(spectral analysis)
1599+5 0.7  0.103 025 [22] ¥.8GStu{iscier ahift)
Liquide 1566 0156 0.098 0275 [7] 3 1100
. . . . ¥ ~
BCC FetFe,Ti . § HCP_TH’
1559 0151 0090 0260 LM 5 BECT o
work g
5 900k
1700 - [26] =
1696+6 - [22]
LiquidoFe,Ti 1710 0.330 [7] 7001 HCP_Ti+FeTi
1706 0.329 This
work 500 ' ! : '
0.9990 0.9992 0.9994 0.9996 0.9998 1.0000
1590 - - - [26] x(Ti)
Liquid+Fe,Ticr 158949  ~0.515  ~0.37 [22] Fig. 3 Calculated phase diagram of Fe—Ti binary system in
FeTi. 1578 0507 0364 0.500 [7] Ti-rich side
1592 0497 0373 0.492 ‘Iil:(
4] 99Kum A 84Bat
1353 071 - 078 [12] —— This work @91Wan
o 135947 071 052 ~0.77 [22] ol el
Liquide E
FeTi+BCC Ti 1355 0.719  0.519 0.767 [7] FLE
— =
1352 0725 0521 0770 DS 2
work =
848—873 0.86—0.87 — >0.996 [12] :..E
BCC Tie— 861 0.869 0.508 0.9996 [7] _é
FeTi+HCP Ti . =
_ This >
856 0.865 0.511 0.9995 &S
work
1900 25 1 1 | )
_________ 99Kum m57Hel 0 0.2 0.4 0.6 0.8 1.0
—— This work ¢ 59Mol x(Ti)
A 64Wan(heating) . .. . .
1700- v 64Wan(cooling) Fig. 4 Calculated enthalpy of mixing of liquid Fe—Ti alloys at
X 66Fis 1873 K
b
=
2
-3
5 1500 o
= e
[=]
e =
=
1300 S
=
=
£
L
1100 . s =
0 0.005 0.010 0.015 2
x(Ti) -E
=
Fig. 2 Calculated gamma loop in Fe-rich side i; A B1Esi
£
. . . . . T — This work
are shown in Fig. 5 and Fig. 6, respectively. The little & -80f s wor
discrepancy between the calculated and experimental -90 . \ ! !
0

0.2 0.4 0.6 0.8 1.0

results is within the experimental error. Seen from (Ti)
X

Figs. 4-6, the thermodynamic properties for liquid phase
calculated in this work and by KUMAR et al [7] are Fig. 5 Calculated partial enthalpy of mixing of liquid Fe—Ti
almost the same. alloys at 2000 K
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Fig. 6 Calculated activities of Fe and Ti in liquid phase at
1873 K

For the thermodynamic properties of the Fe,Ti and
FeTi compounds, many efforts have been made to
reproduce the measured values while maintaining a good
fit for the phase boundaries. The calculated specific heat
capacities of Fe,Ti and FeTi compounds are shown in
Figs. 7 and 8, respectively, superimposed with the
experimental data from WANG et al [36] and the
calculated results of KUMAR et al [7]. It is found that
the calculated specific heat capacities for these two
compounds agree better with the experimental data than
those given by KUMAR et al [7]. For the FeTi
compound, the third and subsequent terms in the Gibbs
energy expression as given in Eq. (7) almost have no
effects on the calculated heat capacity, while the
interaction parameter of Fe and Ti components in the
disordered phase does. Therefore, the thermodynamic
parameters of both the ordered and disordered phases are
optimized in this work. It should be noted that the Curie
temperature for the disordered BCC A2 phase is
assessed by adjusting the interaction parameter between
Feand Ti T, CE’EC%AZ since it also has an influence on the
calculated heat capacity of the FeTi phase. The
calculated enthalpy of formation of the Fe,Ti phase at
1413 K is in good agreement with the experimental data
given by DINSDALE et al [39], as shown in Fig. 9. The
formation enthalpy measured by GACHON et al [38] at
1514 K is also given in Fig. 9 for comparison, although
the temperatures for these two sets of experimental data
are different. Figure 10 shows the calculated enthalpy of
formation at 1513 K for both BCC_A2 and BCC B2
(FeTi) phases, along with the experimental data from
GACHON et al [38] and DINSDALE et al [39]. A good
agreement has been achieved.

40
A 93Wan
~~~~~~ 99Kum
351 —— This work

301

2af

Specific heat capacity of Fe,Ti/(J*mol™"*K™")

0 200 400 600 800 1000
TIK

Fig. 7 Calculated specific heat capacity of Fe,Ti compound,
compared with experimental data from WANG et al [36] and
optimized results of KUMAR et al [7]

40

A 93Wan

35r

301

Specific heat capacity of FeTi/(J-mol™'-K™")

15L_t]a, . . ,
0 200 400 600 800 1000
TIK

Fig. 8 Calculated specific heat capacity of FeTi compound,
compared with experimental data from WANG et al [36] and
optimized results of KUMAR et al [7]
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0 0.2 0.4 0.6 0.8 1.0
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Fig. 9 Calculated enthalpy of formation of Fe,Ti compound at
1413 K



2210

A85Din (1513 K)
w81 Gac (1450 K)

|
Lh
T

-25+ BCC_B2 (FeTi)

Enthalpy of formation/(kJ-mol™")

<33 ; . : :
0 0.2 0.4 0.6 0.8 1.0

x(Ti)

Fig. 10 Calculated enthalpy of formation of BCC_ A2 and
BCC_B2 (FeTi) phases at 1513 K

5 Conclusions

1) A new assessment of the Fe—Ti binary phase
diagram was performed in this work and a set of
reasonable thermodynamic parameters were obtained.

2) The experimental data on phase diagram and
thermodynamic properties especially those for Fe,Ti and
FeTi intermetallic compounds were well reproduced.

3) The good agreement between the calculated and
experimental results guarantees the extrapolation
capability of the Fe—Ti binary system to interesting
ternary and higher-order systems.
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