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Abstract

The Fe-Sn-Zr system has been studied by first principles calculation and modelled with the
Calphad method using the literature and new experimental data. The work includes a revision
of Fe-Sn and Fe-Zr systems. Our experimental study has confirmed that the WsSis phase
(stoichiometry ZrsSnz3Feo,7) is stable at 1350 °C but also down to 1000 °C. Moreover, the
crystal structure of the X” phase has been determined. The formation enthalpies of all the
ordered configurations of the C15, C16, C36, Ela phases and the stoichiometric FesSns,
FesSnz, FeSn, FeSna, FezsZrs, FeSn2Zrs (0), Fess.36SN36.36Zr27.27 (N) et Fe14.30Sn43.47Zr39.13 (X*”)
compounds have been calculated using the Density Functional Theory (DFT). The mixing
enthalpies of the Al, A2 and A3 binary solid solutions have been calculated using the Special
Quasirandom Structures (SQS) and DFT calculation. From these new experimental and
calculated data, new thermodynauic assessments are proposed for Fe-Sn, Fe-Zr and Fe-Sn—

Zr systems.
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1. Introduction

The Fe-Sn—Zr system is a system of great interest particularly for the nuclear industry both
for low and high temperature applications. Regarding the low temperature applications, Zr—
rich alloys (Zircaloy-4) containing Fe and Sn as major alloying elements have been employed
for fuel cladding and as structural components in Light Water Reactors (LWR) and Heavy
Water Reactors (HWR). Similarly for high temperature applications, Fe—Zr alloys are
involved in the Fe—Zr—U-O quaternary system for in-vessel Corium studies [1].

At last, Fe—Zr alloys are promising candidate for hydrogen storage, particularly Fe2Zr
intermetallic compound because of its good gravimetric storage capacity, and the fast kinetics
of hydrogen absorption—desorption and low equilibrium pressure at room temperature

as well [2].

Several Calphad description of the Fe—Zr system are available in the literature [3—7]. Most of
them [3-6] were obtained without DFT calculations and the resulting assessed formation
enthalpies exhibit large deviations from the DFT ones. Moreover, recent papers devoted to
DFT calculations of the Fe-Zr binary system [8,9] exhibit erroneous conclusions concerning
the stability of the C16 and the FezsZrs phases. Thus, several recent publications [7,10,11]
consider the Fez2sZrs phase as stable despite the existence of several studies demonstrating its
unstability [9,12-14].

Similarly, the Calphad modelling of the Fe-Sn and Sn—Zr systems available in the literature
have been carried out without DFT calculations [15,16] and the corresponding ground-states

strongly disagree with our calculated energy level.



Thus, new thermodynamic assessments of the Fe—Sn, Fe—Zr and Sn—Zr systems are necessary.
The Calphad description of the Sn—Zr system has been published separately in a paper
dedicated to the Cr—Nb-Sn—Zr quaternary system [17]. We present here new Calphad
assessments of the Fe-Sn and Fe—Zr binary systems and the description of the Fe-Sn-Zr
ternary system. We provide new experimental results on the Fe-Sn—Zr ternary system
concerning the stability of the WsSis phase (stoichiometry ZrsSnzsFeo7) based on a
comparison with the recent results of Calta et al. [18] in the Fe—Sn—Hf system. The formation
enthalpies of the C15, C16, C36, Ela phases and the stoichiometric FesSns, FesSn2, FeSn,
FeSnz, FexsZrs, FeSnaZres (6), Fess.36Sn3s.36Zr27.27 (N) et Fe1a30Sn4s47Zrse.13 (X°”) compounds
have been calculated using the Density Functional Theory (DFT). The SQS method is used
with DFT calculations in order to calculate the enthalpies of mixing of the Al, A2 and A3
binary solid solutions. The first part of this paper is dedicated to the literature survey of the
different systems; the second part is dedicated to the methodology and the third part to our

results.

2. Literature survey

2.1 The Fe-Sn binary system

2.1.1 Experimental data

The Fe-Sn system presents four intermetallic phases, FesSns, FesSn2, FeSn and FeSnz. The
phase diagram also includes two eutectoid reactions as well as one monotectic reaction. One
may note the presence of a miscibility gap in the liquid phase below 1370 °C [19].

The invariant reactions were measured by Mills et al. [20], Tréheux et al. [21] and
Fedorenko et al. [22]. The liquidus has been measured by Isaac et al. [23], Arita et al. [24],
Predel et al. [19] in the Fe-rich part and by Isaac et al. [23], Arita et al. [24], Predel et al. [19]

and Campbell et al. [25] in the Sn-rich. The miscibility gap in the liquid phase was measured



by Shiraishi et al. [26], Mills et al. [20], Campbell et al. [25], Predel etal. [19] and
Nunoue et al. [27]. The solubility of the Fe-rich bcc solid solution was mainly studied by

Mills et al. [20], Yamamoto et al. [28] and Avrita et al. [24].

2.1.2 Thermodynamic data

The formation enthalpies of the FeSn and FeSnz compounds have been measured by
electromotive force by Eremenko et al. [29] and Zabdyr et al. [30]. Measurements of Fe and
Sn activities in the liquid phase have been performed by Yazawa et al. [31], Shiraishi et al.
[26], Wagner et al. [32], Fedorenko et al. [22], Yamamoto et al. [33] and more recently by
Nunoue et al. [27]. The mixing enthalpy of the liquid phase was measured by Wagner et al.
[32], Petrushevski et al. [34], Yamamoto et al. [33] and Lueck et al. [35]. Note that the

mixing enthalpies of the solid solutions have never been determined.

2.1.3 Thermodynamic assessment
The Fe—Sn system has been assessed by many authors [15,36—-38]. The most recent study was
carried out by Huang et al.[38] considering all experimental data available in the literature

except for the mixing enthalpies of the liquid phase measured by Petrushevski et al. [34].

2.2 The Fe—Zr binary system

2.2.1 Experimental data

The Fe—Zr system has been experimentally investigated by many authors [39-49]. The Zr-rich
part of the diagram was first studied by Hayes et al. [39] and corrected by Tanner et al. [40]
using X-ray diffraction (XRD). The C16 phase was first reported by Malakhova et al. [41] as
a stable phase down to 0 K, Malhakhova et al. [42] and Aubertin et al. [43] have confirmed

this result. The Fe-rich part of the phase diagram was investigated by Svechnikov et al.[44].



Borrelly et al.[45] determined the solubility in the different solid solutions. The phase
diagram was reviewed in the whole composition range by Alekseeva et al. [46]. Later,
Bhanumurthy et al. [47,48] and Kumar et al. [49] reported the C16 phase to be a high
temperature stable phase. Servant et al. [3] reinvestigated the invariant reaction temperatures
as well as the melting temperature of the C15 phase. A detailed review and a very careful
reinvestigation of the whole composition range of this system has been carried out by
Stein et al. [14] using metallography, XRD, EPMA and DTA measurements. These authors
have shown that the presumed Fe2sZrs compound stable at high temperature is actually an
oxygen stabilized compound. Indeed, in binary alloys, this compound always appears as third
phase which is not complying with the Gibbs phase rule. Moreover, the precipitate size and
the amount of the Fe23Zrs phase remains unchanged by increasing the heat treatment duration.
At last, these authors have clearly shown that FezsZrs precipitates specifically in regions with
high O content. Moreover, Stein et al. [14] have demonstrated that the hexagonal C36
polymorph of the Laves phase is a high-temperature stable phase. According to
Stein et al. [14] this system exhibits eight condensed phases (Liquid, Al, A2, A3, C15, C16,
C36 and Ela). Two intermetallic compounds are stable at low temperatures (C15 and Ela).
This system is characterised by the presence of one congruent melting and three eutectic,

three eutectoid, two peritectic and one peritectoid invariant reactions.

2.2.2 Thermodynamic data

Sudavtsova et al. [50], Sidorov et al.[51], Wang et al.[52] and Rosner-Kuhn et al. [53] have
measured the mixing enthalpies in the liquid phase at different temperatures. Moreover,
Résner-Kuhn et al. [53] also measured the formation enthalpy of the C15 phase as well as
Gachon et al.[54]. The heat capacity of C15 phase was provided by Lick et al.[55].

Servant et al. [3] measured the enthalpy of melting of the C15 phase.



Later, the DFT calculations performed by Barberis et al.[12] and Ohodnicki et al.[13] showed
that the formation enthalpies of the C16 and Fez23Zrs phases are not on the convex hull and
these authors concluded that these phases are not stable down to 0 K. More recently, Lumley
et al. [56] calculated the Fe—Zr ground-state not including the Fe2sZrs phase. Their results
confirmed that the C16 phase is not stable down to 0 K. Tao et al [8] have calculated the
formation enthalpy of the C16 phase. These authors concluded on the stability of this phase
only considering the negative value of the formation enthalpy. This conclusion is not
appropriate as long as the complete the ground-state has not been calculated. In addition, a
new first-principles study dealing with DFT calculations on the Fe-Zr system was provided
by Ali et al. [9]. The authors have calculated the formation enthalpies and the electronic
structure of the C15, C16, C36 and Ela phases. Unfortunately, their conclusions on the
stability of the Fe2sZre compound are improper. Indeed, a negative value of formation
enthalpy is a necessary but not sufficient condition to conclude whether the compound is
stable or not. Contrariwise, their calculations clearly exhibit that the formation enthalpy of the

Fe23Zrs compound is by 0.8 kJ/mol more positive than the calculated convex hull.

2.2.3 Thermodynamic assessment

Pelton [57] was the first author to model the Fe—Zr system mainly based on experimental
determination of the phase diagram and measurement of the formation enthalpy of the C15
phase [54]. Servantetal. [3] reinvestigated the Calphad modelling of the Fe-Zr system
according to their new measurements of the temperatures of invariant reactions as well as the
fusion enthalpy of the C15 phase. Later, Jiang et al. [4], Guo et al. [6] and Rigaud et al. [5]
performed new thermodynamic description of the system mainly based on new experimental

measurement of Stein et al. [14]. Taking into account new DFT calculations available on the



Fe—Zr system [12,13], Yang et al. [7] carried out a new Calphad modelling of the system but

did not find clear evidence to confirm about the phase stability of Fe2sZrs.

2.3 The Fe-Sn—Zr ternary system

2.3.1 Experimental data

The first studies of this system were carried out by Tanner et al. [58] and Korotkova [59] in
the Zr-rich part of the phase diagram. These two authors have reported the existence of the
0 phase, which structure has been solved by Kwon et al. [60], as being K2UFs. In addition,
Kwon et al. [60] have reported the existence of the ZrsSnzsFeoz phase at 1350 ° C. The
reported structure is an ordered variant of WsSis obtained by splitting of the site 4a of the
space group I4/mcm into sites 2a and 2b of space group 1422. Mazet et al. [61] have reported
the existence of the FesSneZr compound which crystallizes in the MgFesGes structure (also
called HfFesGes). More recently, Nieva et al. [62] studied this system in a wider composition
range. In addition to the 6 phase, these authors reported two other ternary phases, called X and
N, without succeeding in solving their structures. An experimental study in the Zr-poor X part
of the Fe-Sn-Zr system was performed by Savidan et al. [63] who reported a complete
isothermal section at 900 °C. These authors have confirmed the existence of the FesSneZr
ternary phase but also highlighted two new ternary phases, the Y and C36 phases. Moreover,
they established that two different phases were involved within the homogeneity domain of
the X phase, called X’ and X”. In addition, Savidan et al. [63] solved the N phase structure. At
last, Nieva et al. [64] determined the isothermal section at 800 °C of this system.

Very recently, Calta et al. [18] solved the structure of the HfsFesSnio compound and have
noted several similarities between the structures of the Fe-Sn—Zr and Fe-Sn-Hf ternary
compounds.

2.3.2 Thermodynamic data



No paper reports measured or calculated thermodynamic data for this system.

2.3.3 Thermodynamic assessment

There is no thermodynamic assessment available in the literature.

3. Methodology

3.1 Experimental details

The experimental procedure was identical to that employed in our previous work [17]. The
samples have been synthesized from pieces of the pure elements (Fe from Neyco (99.99%),
Sn from Alfa Aesar (99.8%) and Zr “Van Arkel” (55 ppm of oxygen) from LTMEX-CEA))
by arc melting under argon atmosphere. The alloys were melted five times and turned upside
down between each melting to ensure homogeneity. The weight losses were less than 1 wt.%.
The samples were wrapped in molybdenum foils and sealed in a silica tube under argon and
then annealed in a resistance furnace. A part of the samples was examined by X-ray powder
diffraction (XRD) at room temperature using a Bruker D8 diffractometer equipped with a
graphite monochromator in the diffracted beam with Cu Ka radiation. The diffractogram was
treated with a Rietveld analysis. Another part of the samples was polished and served for the

Electron Microprobe Analysis (EPMA, Cameca SX100) using pure elements as standards

3.2 DFT calculations

The enthalpies of formation of the C15 (Fd3m), C16 (14/mcm), C36 (P63/mmc), E1a (Cmcm)
phases and the stoichiometric FesSnz (P6s/mmc), FesSnz (R3m), FeSn (P6/mmm),
FeSnz (14/mecm),  FexsZrs  (Fm3m), FeSnaZrs  (6), Fess36SnseasZrzror (N) et
Fe14.390SNn43.47Zr39.13 (X’*) compounds have been calculated using VASP code [65,66]. The

procedure was similar to that used in our previous work [17] including the calculation of all



the configurations obtained by distributing the atoms in the C15 and C36 structures. The same
code ZenGen [67], potentials [68] k-points meshing (16 x 16 x 16 for Fe2sZrs, 21 X 6 x 8 for
Ela ) and Blochl corrections [69] was used. With respect to the magnetic state of Fe, the
calculations are performed with spin polarization. The reference for enthalpies is the Stable
Element Reference (SER, ground-state structure for Fe-bcc, f—Sn for Sn and Zr-hcp).

SQS calculations [70] were also conducted in the same way as previously [17] with Al, A2
and A3 structures taken from the literature [71] and complemented by 1/16 and 15/16

dilutions

3.3 Calphad methodology
The Gibbs energy of each phase is written:
Grgl — refG#l + idG,% + exGT%
where "¢/ G% is the Gibbs energy surface of reference. Considering a phase a modelled with

two-SL in a A—B—C ternary system, "¢/ G< can be formulated as:

1) (2 1) (2 1 (2 1 (2 1 (2
ref G2 = }’/(1 )yf(l )GA:A + }’/(1 )ylg )GA:B + Y,g )yc( )GA:C + yé )y/E )GB:A + y1§ )yé )GB:B

1 (2 1 (2 1) (2 1) (2
+ yé )yc( )GB:C + yc( )Y,g )GC:A + yc( )ng )GC:B + yc( )yc( )Gc:c

With Gij = Hy ®% = T * S yj(s) is the site occupancy of each constituent on each

i:j

sublattice and His_fR'“ is the 0 K formation enthalpy and S;.; is the formation entropy of the
ordered configuration.
ldGa s the molar Gibbs energy of an ideal mixing, based on the number of possible

arrangements of the constituents of the phase:

s=2
dga — RT Z as Z yi(s) ln(yi(s))
s=1 i

R is the gas constant and asthe multiplicity of the sublattice s.



The last term of the Gibbs energy is the excess Gibbs energy that includes all the non-ideal

mixing contributions:

1 1 2 1 2 2 1 2 1 2 1 1
G =y v e b + Ya Vs Ve Lame + V5 Vs e L e + Ve Vs Ve L ca
2,1, (2 2,2, 0
+ ¥V P + VOV L as

where the excess parameters L7 ;.. can be expressed as a Redlich-Kister polynomial.

Table 1 presents the different phases treated within the Compound Energy Formalism and the
corresponding sublattice model chosen according to the crystal structures.

At last, just note that the DFT calculations we performed are used as input data in the Calphad
modelling. Thus, similarly to any experimental data, we provide systematic comparison
between our DFT calculations and our optimization (labelled “calc.” and “opt.”, respectively,

in Figures 1, 2, 5, 6 and Tables 2 and 3).

4. Results and discussion

4.1 The Fe-Sn system

4.1.1 First-principles calculations

Fig. 1 shows the 0 K calculated formation enthalpies of the end-members of the C15 and C36
Laves phases and the stoichiometric FesSns, FesSnz, FeSn and FeSn2 compounds compared
with data from literature. The calculated formation enthalpies of the stoichiometric FesSns,
FesSnz, FeSn and FeSn2 compounds are also reported in the Table 2. The calculated mixing
enthalpies of the Al and A2 solid solutions are reported in Fig. 2 and Table 3 and compared

with our and former assessments.

4.1.2 Thermodynamic modelling

4.1.2.1 Selection of data

10



The liguidus measurements performed by Isaac et al. [23], Predel et al. [19] and Campbell et
al. [25] were considered. The measurements of Arita et al. [24] were rejected because of the
large deviations with the other sets of data.

The different measurements of the miscibility gap in the liquid phase exhibit relatively large
discrepancies as reported in Figure 3. Hari Kumar et al. [15] have modelled a critical point of
the miscibility gap at 1612 K but have noted that it could be at a higher temperature, which
was confirmed by Okamoto [72] and Huang et al. [38]. Moreover, Okamoto [72] suggested
that the miscibility gap is symmetrical. Thus, we have considered the measurements
performed by Predel et al. [19] which exhibit a symmetrical miscibility gap in the liquid
phase and a temperature of the critical point superior to the one modelled by Hari
Kumar et al. [15]. Note that the miscibility gap modelled by Miettinen et al. [37] and
Huang et al. [38] is in good agreement with the measurements of Predel et al. [19].

The Sn solubility in the bce solid solution were taken from Mills et al. [20] and Avrita et al.
[24]. The solubility determined by Yamamoto et al. [33] were rejected due to the important
disagreements with the other data.

The invariant reaction temperatures and compositions determined by Tréheux et al. [21] were
considered.

The Gibbs free energy of the FeSn and FeSn2 compounds measured by Eremenko et al. [29]
and Zabdyr et al. [30] were rejected because of the strong disagreement with our own DFT
calculations as reported in Figure 1. Our DFT calculations of the formation enthalpies of the
intermetallic phases and the mixing enthalpies of the fcc and bcc solid solutions were
considered.

At last, note that the Fe and Sn activity measured by Yamamoto et al. [33] and
Nunoue et al. [27] were considered. The mixing enthalpy of the liquid phase measured by

Yamamoto et al. [33] and Lueck et al. [35] was also considered.
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4.1.2.2 Calphad assessment

We optimized the interaction parameters of the liquid phase according to the liquidus, the
miscibility gap and the mixing enthalpy of the liquid phase. Binary second order parameters
have been optimized without temperature dependence.

The formation enthalpies of the intermetallic compounds have been optimized after the
measurements performed by Tréheux et al. [21] and our own calculations. The formation
enthalpies of the end-members of the C15 and C36 Laves phases not existing in this system
were kept fixed to DFT values. No entropic term was used for the Laves phases.

The bcc solid solution was modelled using regular and sub-regular binary interaction
parameters with temperature dependence for the regular parameter. The fcc solid solution has

been described with a regular interaction parameter without temperature dependence.

4.1.2.3 Discussion

Our thermodynamic assessment of the Fe—Sn system was performed using less parameters
than Huang et al. [38]. Our description shows a comparable agreement with the experimental
data similarly to Huang et al. [38] as reported in Figure 3. One may note that the ground state
we have optimized is in very good agreement with our DFT calculations contrary to the
description of Huang et al. [38] who considered the measurements performed by Eremenko et
al. [29] and Zabdyr et al. [30], as reported in Figure 1. The optimized mixing enthalpy of the
bcc solid solution shows a slightly better agreement with our calculations than the one
assessed by Huang et al. [38], as reported in Figure 2.

At last, one may note the good agreement between the Fe and Sn activities measured by
Yamamoto et al. [33] and Nunoue et al.[27]. The calculation we performed is reported in

Figure 4 and optimized parameters are given in Table 4.

12



4.2 The Fe—Zr system

4.2.1 First-principles calculations

Fig. 5 shows the 0 K calculated formation enthalpies of the end-members of C15, C16, C36,
Ela and Fez2sZrs phases, compared to data from literature. The calculated formation enthalpies
of the end-members of C15 and C36 at the stoichiometry Fe2Zr are reported in Table 2. The
calculated mixing enthalpies of the in the solid solutions are reported in Fig. 6 and Table 3
and compared with our and former assessments.

The calculated ground-state of the Fe—Zr system allows us confirming the results of
Barberis et al.[12] and Ohodnicki et al.[13] that the C16 and Fe2sZrs compounds are not
stable down to 0 K since the calculated formation enthalpies of these two phases are above the
calculated ground states line (mixing of C14 + Ela at the 1:2 and 23:6 compositions

respectively).

4.2.2 Thermodynamic modelling

4.2.2.1 Selection of data

Compositions and temperature of the invariant reactions, the measurements of the single-
phase and two-phase equilibria in addition to the liquidus were taken from the work of
Stein et al. [14]. The data obtained by these authors are considered as the most accurate
measurements available for this phase diagram. Thus, due to the very careful work of Stein
et al. [14] confirmed by Barberis et al.[12], Ohodnicki et al.[13], Lumley et al.[56] and the
DFT calculations we performed, the Fe2sZrs phase was not included in the thermodynamic
modelling of the system. Moreover, the C36 phase was considered instead of the Fe2sZrs
compound as a high-temperature phase, according to the work of Stein et al. [14]. We have
considered the formation enthalpy of the stable C15 phase measured by ROsner-

Kuhn et al. [53] and Gachon et al.[54] and the ground-state calculated by Barberis et al.[12],
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Ohodnicki et al.[13], Lumley et al.[56], Ali et al. [9] and that obtained in the present work.
The mixing enthalpies of the liquid phase measured by Sudavtsova et al. [50], Sidorov et
al.[51], Wang et al.[52] and Résner-Kuhn et al. [53] were considered as well as the mixing

enthalpies of the A1, A2 and A3 solid solutions obtained in this paper.

4.2.2.2 Calphad assessment

The formation enthalpy of the stable C15, C16, C36 and Ela end-members has been
optimized after literature data [9,12,13,53,54] and our calculations. On the other hand, the
formation enthalpy of the metastable end-members was kept fixed to the DFT values.
Furthermore, no entropic term was used for the metastable end-members. The values of
mixing enthalpies of the Al, A2 and A3 solid solutions were optimised after both the literature
data [14,45] and our calculations.

The solubilities of the A1 and A3 terminal solid solutions were described using regular binary
interaction parameters without temperature dependence. The solubilities of the A2 terminal
solid solution were described using regular and sub-regular binary interaction parameters with
temperature dependence for the regular parameter. The homogeneity range of the C15 Laves
phase was described using a regular binary interaction parameter without temperature
dependence. The liquid phase was described using regular and subregular interaction
parameters without temperature dependence optimised considering the measurements
available in the literature [50-53].

The optimized mixing enthalpy of the liquid phase is reported in Fig. 7 and compared with the
measurements of Sudavtsova et al. [50], Sidorov et al.[51], Wang et al.[52] and Rdsner-
Kuhn et al. [53].

Fig. 8 shows the good description of the experimental data points obtained by our calculated

diagram using our set of parameters. The optimized parameters are given in Table 5.
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4.2.2.3 Discussion

Our thermodynamic description of the Fe—Zr system has been done using less parameters than
the one of Guo et al. [6].

The optimized ground-state of the Fe—Zr system shown in Fig. 5 is in good agreement with
the measurements [53,54] and calculations [9,12,13] available in the literature and with our
own DFT calculations. Moreover, the optimised mixing enthalpies of the A1, A2 and A3 solid
solutions exhibit a good agreement with our SQS calculations as reported in Fig. 6. At last,
one may note the reasonable agreement existing between the optimised mixing enthalpy of the
liquid phase and the measurements available in the literature [50-53] as reported in Fig. 7.
Our description of the Fe—Zr phase diagram exhibits a better agreement with the experimental
data points than the one of Guo et al. [6] particularly for the liquid phase in the whole

composition range and for the bcc solid solution on the Zr-rich part.

4.3 The Fe-Sn—Zr system

4.3.1 Experimental study

Table 6 summarizes the chemical composition, annealing treatment and the structure and
composition of the different phases of the Fe—Sn—Zr samples synthesized in the present work.
Concerning the WsSis (14/mcm) phase, the almost constant phase composition observed as
function of both the nominal composition and the temperature indicates the absence of any
homogeneity range.

From the Rietveld analysis, the distribution of Sn and Fe of the W5sSis (I14/mcm) phase at
1350 ° C is found to be similar to that proposed by Kwon et al. [60]. At 1000 °C, the
distribution is more homogeneous between sites 2a and 2b and the structure is therefore very
similar to that of WsSis. Note that, at 1000 °C, this phase is involved in three phase equilibria

with ZrsSns phase (MnsSis crystal structure) and a third phase close to the ZrFe2 composition.
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However, the structure of this third phase could not be solved. The structure of this phase is
not a Laves phase, nor any other structure identified in the ternary Fe—Sn—Zr system. In
addition, note that the proportion of this phase increases with the Fe content.

In a recent paper, Calta et al. [18] determined the structure of HfsFes.xSnio+«. We discovered
that the structure of the X” phase that remained unknown after the work of Savidan et al. [63]
was isotypic with this phase. Figure 9 presents the Rietveld refinement of the sample
Fe19.2Sn43.2Zr37.6 (corresponding to the sample 8 in the work of Savidan et al. [63]). The
composition is indeed very close to that of the Hf phase. The presence of the additional
ZrSnz (13%) and N (22%) phases already shown in previous work was confirmed from the
Rietveld refinement. Given the complexity of the crystal structure, no attempt was made to
refine atomic coordinates and/or site occupancies.

In the course of the refinement (and subsequent DFT calculation), we found an error in the
Table 3 of Ref. [18]. After checking this point with the authors, we assumed that the z

coordinate for Sn(5) is 0.0000 instead of 0.2695.

4.3.2 First-principles calculations

Table 7 summarizes the ternary intermetallic phases of the Fe-Sn-Zr system, their
crystallographic description as well as the value of the calculated and optimized formation
enthalpy for the FeSn2Zre (6), Fess.36Sns6.36Zr27.27 (N) and Fe14.39Sn43.47Zr39.13 (X") compounds.
The formation enthalpy of the Fe17.65Sn39.22Zr43.13 (X') and Fess.36Snse.36Zr27.2 (Y) compounds
is not calculated in this paper because their crystal structure is not known. In Fig. 10, we have
reported the calculation of the formation enthalpies of the end-members of the MnsSis and

WsSis structures.

4.3.3 Thermodynamic modelling
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At first, note that the phase equilibria determined by Nieva et al. [62,64] and
Savidan et al. [63] were considered. The formation enthalpies of the ternary intermetallic
phases were fixed at the values computed by DFT, the entropic terms of the FeSn2Zrs (6),
ZrsSn2.3Feo.7 and Fess.36Snse.36Zr27.2 (Y) phases were optimized. The homogeneity range of the
Laves phases were optimized using two ternary interaction parameters for the C36 phase and
one for the C15 phase.

The result of our modelling is the best compromise between all measured phase equilibria.
We have reported the calculated isothermal section together with experimental data of the
ternary system at 800 °C, 900 °C, 1000 °C and 1350 °C in figures 11 to 14. The optimized

parameters are given in Table 8.

4.3.3.4 Discussion

The competition between the MnsSis and WsSis structures reported in figure 10 shows that the
W5sSis structure is more stable than the MnsSis structure only slightly and only in a small
range of composition in quite good agreement with the measurements of Kwon et al. [60] and
those obtained in the frame of this work. This, together with the absence of an homogeneity
range, justifies that the phase is treated as a stoichiometric one.

Our thermodynamic modelling of the Fe-Sn—Zr system is in good agreement with the
measurements performed by Nieva et al. [62,64], Savidanetal. [63] and our own
measurements as shown in Figure 11 to 14. Some of the slight differences observed between
the isothermal sections at 800 °C and 900 °C [62] like the shift in the tie-triangle [Fe(a) — Y —
C36] toward Sn-richer composition as well as the shift in the tie-triangle [Fe(a) — C15 — C36]
toward Sn-poorer composition were reproduced in our modelling. The calculated isothermal
sections at 1000 °C and 1350 °C show that the WsSis structure is stable in good agreement

with experimental measurements. Moreover, at 900 °C, the calculated isothermal section is in
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good agreement with the experimental isothermal section provided by Nieva et al. [62,64].
The solubility of Fe in the #-phase of the Sn—Zr system and the ternary extension of the
6 phase were not taken into account in the modelling.

In the absence of other isothermal sections, liquidus projection and temperatures for the

ternary invariant reactions, the description should be considered as only tentative.

5. Conclusions

The experimental study we have performed on the Fe-Sn—Zr ternary system has confirmed
that the WsSis phase (stoichiometry ZrsSnzsFeo7) is stable at 1350 °C but also down to
1000 °C. Moreover, the crystal structure of the X phase has been determined using XRD and
Rietveld refinement.

The Fe-Sn—Zr system has been then studied by first-principles calculations. We carried out
new DFT calculations of the formation enthalpies of the C15, C16, C36, Ela phases and the
stoichiometric FesSns, FesSnz, FeSn, FeSnz, FezsZres, FeSn2Zrs (0), Fess.36Sns6.36Zr27.27 (N) et
Fei14.30SN4347Zr3913 (X*”). Our results clearly show that the FexsZrs phase is not
thermodynamically stable down to 0 K. Moreover, the competition between the two different
structures WsSis and MnsSis has been investigated. We have shown that the W5sSis is only
stable in a narrow range of composition close to the stoichiometry ZrsSnzFex.

At last, the thermodynamic modelling of the Fe-Sn and Fe—Zr binary system as well as the
Fe—-Sn—Zr ternary systems has been performed using the Calphad approach according to our
new experimental results and DFT calculations. One may note that the ground-state of the
modelled Fe-Sn binary system has been strongly shifted from the former assessments

available in the literature [15].
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Figure 1: Calculated formation enthalpies of the intermetallic phases of the Fe—Sn system

compared to data of Eremenko et al. [29] and Zabdyr et al. [30]
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compared to data of Huang et al. [38].
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Figure 10: DFT calculated formation enthalpies of the MnsSis and WsSis end-members
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Figure 11: Calculated isothermal section at 800 °C of the Fe-Sn-Zr system compared to

experimental data of Nieva et al. [62, 64].
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Figure 12: Calculated isothermal section at 900 °C of the Fe—-Sn—Zr system compared to

experimental data of Savidan et al. [63] and Nieva et al. [62].
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Figure 13: Calculated isothermal section at 1000 °C of the Fe—Sn—Zr system
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Figure 14: Calculated isothermal section at 1350 °C of the Fe-Sn-Zr system
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Table caption:

Table 1: Crystallographic description and sublattice model of the non-stoichiometric phases of
the Fe—-Sn—Zr and Fe—Zr system

Phase Space group Wyckoff position Crystallographic site Sublattice modelling
C15 Fd-3m (227) 8a; 16d 2 (Fe,Sn,Zr); (Fe,Sn,Zr).
C16 14/mcm (140) 4a; 8h 2 (Fe,zr)1 (Fe,Zr),
C36 P6s/mmc (194) 4e; 4f; 4f; 8i; 18i 3 (Fe,Sn,Zr)4 (Fe,Sn,Zr)4

(Fe,Sn,Zr)1s
Ela Cmcm (63) 4c; 4c; 8f 3 (Fe,zr) (Fe,Zr)s

Table 2: Calculated and optimized formation enthalpies of the intermetallic phases of the Fe—
Zr and Fe-Sn systems from the present work compared with the values available in the
literature

AHs (kd/mol-at)

Composition C15 C36 C16 Ela
Fe,Zr  This work - calc -27.89 -26.01 -13.19 -11.43
This work - opt -28.83 -23.07 -14.25 -11.76
Ref. [56] -30.15 — -9.88 -9.61
Ref. [13] -28.10 — -16.1 -14.34
Ref. [9] -27.10 — -13.6 -11.75

Ref. [54] -24.40 — — —

AHs (kJ/mol-at)

Composition FesSns FesSn: FeSn FeSn2
This work - calc 2.79 -6.26 -10.93 -10.36
This work - opt 2.79 -6.26 -12.32 -12.24

Ref. [30] — — -23 -29

Ref. [29] — — -28 -24
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Table 3: Calculated mixing enthalpies of the binary solid solutions from the present work.

AHmix (kJ/mol-at)

Composition (at. %Zr) 0.06 0.25 0.50 0.75 0.94
This work - fcc 5.02 11.88 14.02 8.11 1.91

Fe-Zr This work - bcc 7.71 15.07 12.81 4.50 2.34
This work - hep 5.05 11.26 9.76 4.21 1.52

Fe-Sn This work - fcc 251 5.06 7.75 5.94 3.08
This work - bcc 2.60 5.12 9.47 8.19 1.81

Table 4: Optimized thermodynamic parameters for the Fe—Sn system from the present work

Phase

Parameters (J/mol)

Liquide

OLFeYSn = 21340
1LFe|Sn =— 6345
2LFe|Sn =— 5518

fcc

OLFeySn = 23510

bce

OLFeVSn = 30011+531*T

lLFe,Sn = 24443

F85SH3

G Fe:sn=—65017+23.66*T+5*GHSERFE+3*GHSERSN

Fe35n2

G Fe:sn=—60284+32.45*T+3*GHSERFE+2*GHSERSN

FeSn

G Fe:sn=— 34941+22.60*T+GHSERFE+GHSERSN

FeSn,

G Fe:sn=—47510+33.63*T+GHSERFE+2*GHSERSN
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Table 5: Optimized thermodynamic parameters for the Fe—Zr system from the present work

Phase Parameters (J/mol)
Liquid OLpez = — 70236
lLFeYZr =—-3000
fcc OLpez = 60000
bcc OLpez = 40000-14.02*T
lLFeYZr = 50000
hcp OLpezr = 25045
ZLFe,Sn,Zr = -700000
C15 Gre:re= +35876 +3*GHSERFE

(Fe, Zr)1 (Fe, Zr)2

Gre:zr = +227815+2*GHSERZR+GHSERFE

Gzrre = —105104+12.44*T+GHSERZR+2*GHSERFE
Gzrzr = +88549+3*GHSERZR

0|—Fe,Zr:Fe = 0|—Zr:Fe,Zr =-22000

(Fe, Zr), (Fe, Zr) (Fe, Zr)

C36

16

Grerere= 290739+24*GHSERFE

Gzr:rere = — 279300+20*GHSERFE+4*GHSERZR

Gre:zrre = — 253849+20*GHSERFE+4*GHSERZR

Gzr:zrre = — 700972+107.2*T+16*GHSERFE+8*GHSERZR

Grerezr = 1791026+8*GHSERFE+16*GHSERZR
Gzrrezr = 1419297+4*GHSERFE+20*GHSERZR
Gre:zrizr = 1375455+4*GHSERFE+20*GHSERZR
Gzrzrze = 618997+24*GHSERZR

OLZr:Fe,Zr:Fe =— 350000

(Fe, Zr)1 (Fe, Zr)2

Grere = +106333+3*GHSERFE

Gzrre = +31049+GHSERZR+2*GHSERFE
Gre:zr = — 52050+7.92*T+GHSERFE+2*GHSERZR

Gzr:zr = 94770+3*GHSERZR

0|—Fe:Fe,Zr =-218320
OI—Fe,Zr:Zr =—90416

(Fe, Zr)1 (Fe, Zr)3

GFe;Fe = +160799+4*GHSERFE

Gzrre = 198436+GHSERZR+3*GHSERFE
Gre:zr = —56350+7.37*T+GHSERFE+3*GHSERZR

Gzrzr = +60769+4*GHSERZR

Table 6: Composition and annealing treatments of the Fe—Sn—Zr samples prepared in this

work
Nominal Lattice parameters Composition
composition Heat treatment ~ Structure (Space group) (Rietveld) (EPMA)

Feo7Sny3Zrs 8h at 1350 °C W5sSis (14/mcm) a=11.170 A; ¢=5.490 A Zreo7SN30.1Feq 2
7 days at WsSis (14/mem) a=11.166 A; c=5.481 A Zrg1.4SNp0 3F€9 3
Feo7Sn2aZrs 1000 °C MnsSis (P6s/mem) a=8.473 A; ¢=5.780 A Zre0.1SNag7Fes
? ? Zr33.45N02F€66.4
7 days at WisSis (14/mcm) a=11.163 A; c=5.480 A Zre62.4SN2g3F€g3
Feo.85Sn215Zrs 1000 °C MnsSiz (P6s/mem) a=8.473 A; ¢=5.780 A Zre1.0SNa77F€0.4
? ? Zr33.8SNo.2F€66.0
7 days at WSS_i3 (I4/mcm) a=11.168 A; c=5.482 A Zre0.6SN30.6F€s.8
FeiSn,Zrs 1000 °C MnsSis (P6s/mcm) a=8.481 A ; c=5.781 A Zre03SN392F€0s
? ? Zr32.9SN0.2F€66.9
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Table 7: Calculated and optimized formation enthalpies of the Fe—Sn-Zr ternary phases

Phase

Space group

AHs (kJ/mol) - calc

AHs (kJ/mol) - opt

Fes6.36SN36.36Zr27.27 (N) Pnma -27.623 -28.970
FeSnaZrs (6) P-62m -39.437 -40.881

Fe Sn,Zr P6/mmm -8.789 -8.940

Zr,Sn, ;Fe, , 14/mem -40.035 -41.657
Fe17.30SN43.47Zr39.13 (X”') Cmc2: -39.860 -41.280
Fe17.6sSN39.22Zr13.13 (X') Unknown — -47.605
Fese.245N28.13Zr 1563 (Y) Unknown — -18.146

Table 8: Optimized thermodynamic parameters for the Fe-Sn—Zr system from the present

work
Phase Parameters (J/mol)
Cil4 Gre:sn:zr = 846468+4*GHSERFE+2*GHSERSN+6*GHSERZR
(Fe,Sn,Zr)4 Gzrsn:re = — 305871+6*GHSERFE+2*GHSERSN+4*GHSERZR
(Fe,Sn,Zr).(Fe,Sn,zZr) Gsn:zrre = 156184+6*GHSERFE+4*GHSERSN+2*GHSERZR
2 6 Gsnere:zr = — 44458+2*GHSERFE+4*GHSERSN+6*GHSERZR
GzrFesn = — 120232+2*GHSERFE+6*GHSERSN+4*GHSERZR
Gre:zr:sn = 665830+4*GHSERFE+6*GHSERSN+2*GHSERZR
C15 OLFe;Sner =— 110000
(Fe,Sn,Zr)Z(Fe,Sn,Zr)l
C36 Gre:sn:zr = 975964+4*GHSERFE+2*GHSERSN+6*GHSERZR
(Fe,Sn,Zr)4 Gzrsnre = — 410268 —109*T+6*GHSERFE+2*GHSERSN+4*GHSERZR
(Fe,Sn,zr) (Fe,Sn,zZr) Gsnzrre = — 368546+6*GHSERFE+4*GHSERSN+2*GHSERZR
1 bl 4 1 H 16

Gsnierzr = 1175979+2*GHSERFE+4*GHSERSN+6*GHSERZR
Gzrresn = 1135254+2*GHSERFE+6*GHSERSN+4*GHSERZR
Gre:zrsn = 1205127+4*GHSERFE+6*GHSERSN+2*GHSERZR
0I—Zr:Sn,Zr:Fe =— 398285 + 75*T

Fess,36SN36.36Zr27,27 (N)

G=-1420604 — 175*T+16*GHSERFE+16*GHSERSN+12*GHSERZR

(Fe),; (Sn),((Zn),,
FeSn,Zrs (0)
G=— 368233 +1*GHSERFE+2*GHSERSN+6*GHSERZR
(Fe), (Sn),(2r),
FesSngZr
G=— 170972 — 34*T+6*GHSERFE+6*GHSERSN+1*GHSERZR
(Fe), (Sn),(2r),
Zr:.Sn, .Fe
Ay o G=— 1360910 — 148*T+3*GHSERFE+9*GHSERSN+20*GHSERZR
(Fe), (Sn),(2r),,
FewssoSusarZisess (X7 o_ 1971900 _ 160+T+8*GHSERFE+20*GHSERSN+18*GHSERZR
(Fe), (Sn),,(Zr),,
Fe1r 65SN39222 143,15 (X') = _ 2510000 +9*GHSERFE+20*GHSERSN+22*GHSERZR
(Fe), (Sn), (2r),,
Fese,36SN36 3621772 (Y) = _ 745000 +18*GHSERFE+9*GHSERSN+5*GHSERZR
(Fe),, (Sn)y(2n),
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