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Crystal chemistry and thermodynamic modelling of the Ak(Fe, TM)
solid solutions (TM = Co, Cr, Ni, Pt)

Paul Lafaye!, Kentaro Oisht, Maxime Bourdon, J-P Harvey

aCRCT- Polytechnique Montréal, Chem. Eng., Box 6079, Station Downtown, Montréal, Qc, E@8A7
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Abstract

The crystal chemistry of the Als(Fe,TM}(TM = Co, Cr, Ni, Pt) solid solutions has been investigated by
combining formation enthalpy measurements by differential scanning calorimeyr (DSC), density
functional theory (DFT) calculations and thermodynamic modelling. The formation enthalpiesf
seven alloys of the Ak(Fe,Co) solid solution were measured by DSC at 920 K, allowing the
determination of the mixing enthalpy of the solution. These measurements are presented ledior the
first time and highlight the ideal nature of this solid solution. In addition, the mixing enthi@y of the
Ali3(Fe, TM) solid solutions (TM = Co, Cr, Ni, Pt) was determined by DFT at O K. These calcdlated
measured data (in the case of the fd(Fe,Co) solid solution) were used to perform thermodynamic
modelling of the solid solutions and better understand their thermodynamic stability. Iraddition, our
modelling was used to calculate the TM occupancy on the Fe sites of thes@e, TM) solid solution
structure at different temperatures. These data were used to quantify the chemical ondeg of the
solid solutions as a function of temperature. While these solid solutions show significanhemical
ordering at low temperatures, only the Als(Fe,Pth solution remains highly ordered at high
temperatures. These data are presented for the first time in this paper and havdaaled us to design

an optimal sublattice (SL) model for the AkFessolid solutions.
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1. Introduction

Iron is one of the most common impurities found in aluminium alloys. It is present in tge amount
in the bauxite raw material used to produce primary aluminium [1]. It is also a difficult element to
remove upon recycling of aluminium scrap because of its relative nobleness [1, 2, 3F A direct
consequence, the Fe content tends to increase as the aluminium alloy is rdegichy conventional
methods if primary metal dilution strategies are not used [2]. The Fe content inlAlloys is usually
tightly tracked in order to control the precipitation of brittle Al-Fe intermetallic compounds such as
the AlisFesintermetallic phase (monoclinic phase withC2/m space group). This intermetallic can have
detrimental effects on the mechanical behaviour of aluminium alloys [1, 3, 4]. The platedik
morphology of the AlsFes precipitates [5, 6] forms crack initiation sites which reduce the mechanical
strength of the alloy [7, 8]. In other specific applications, the presence of ke aluminium alloys is
promoted to improve their corrosion resistance [9, 10] and to increase their hardnes[10, 11, 12] in
temperature ranges higher than for conventional aluminium alloys applications [10, 12]. Ithis case,
it is essential to optimise the microstructure of these iron-containing aluminium alloygo enhance
their mechanical properties while preserving a high corrosion resistance andhardness at high
temperature. To do so, several alloying elements such as Mn [12, 13, 14], Ni [12, 15, ©8]}12] and
Co [12] can be added to the material to refine the coarse structure of theiéffes precipitates and to
strengthen the material. The AlsFesintermetallic is also of major interest for catalytic applications as
a new environmentally friendly alternative to Pd-based materials to promote hgrogenation
reactions. It can be used as a catalyst with [17] or without [18] Pt additions.

In this context, it is of prime importance to be able to predict the thermodynamic stability dhis
phase as a function of both the temperature and the chemical composition in ordés tune the
chemistry of the targeted material for a given application. A reliable prediction of thephase
assemblage in multicomponent systems can be achieved using the Calphad apphod®]. Within this
approach, the energetic behaviour of each stable/metastable phase is definading an adequate
thermodynamic model [19]. For solid solutions, a class of thermodynamic models usedr fthe
description of their free energy are called sub-lattice (SL) models. A Wi#known example of such a SL
model is called the Compound Energy Formalism (CEF) [20]. SL models can be deslgatter a
rigorous analysis of the crystal structure of the considered solid solution. In addition, therystal
chemistry of the solution at the origin of its non-stoichiometry (such as the presence of \acies or

substitutional/interstitial defects) must be characterised to complete the definition ofthe model.



A key parameter to describe the crystal chemistry is the occupancy of éacrystal site by different
elements (or vacancies) as a function of composition and temperature. In mamstances, the merging
of crystal sites exhibiting similar occupancies over a wide range of temperature dnchemical
composition is required to reduce the complexity of the model. Indeed, a high numbef atomic sites
may result in the definition of an unacceptably large number of solutionomponents (also callecend
member3. Nevertheless, in many cases, such crystal chemistry data are lacking in fiterature, which
greatly limits the construction of the SL model of a given solid solution. Theatloration of the SL
model is of crucial importance as an inadequate SL definition will inexorably &l to an inaccurate
evaluation of the configurational entropy of mixing of the solution. This entropyantribution will have
in turn to be compensated by some excess terms which will likely cause inpiation/extrapolation
problems. This is specifically the case for the Al(Fe, TM) solid solution for which no quantitative
study about site occupancies have yet been presented. Pagigal. [12] are the only authors to have
reported that Co and Ni preferentially occupy site Fe(1l) of this structure, whileCr and Mn
YTt te—«fZ2Z2> tL .. — > e«—F T w —eco% V<o TdSe'EfIMGTE"A7fSted T ec—
calculations were performed at 0 K by substituting a single atom and therefordo not allow to
characterise the crystal chemistry of the solid solution in the whole chemical compitien range and
at all temperature. In another study, Yamadat al.[17] showed that Pt preferentially occupies site
Fe(1). Therefore, SL models available in the literature such as the model develogdSundmanet al.
[22] or, more recently, by Fanget al.[4] suffer from important limitations as it will be discussed here.
One should also note that the recommendation to define SLs by merging crystiéés with equivalent
coordination number [19] is not applicable for the AlsFesphase as it does not allow to reproduce the
chemical ordering observed at the stoichiometric composition [4]. Based on this SL mddthe phase
will be regarded as a solid solution at the AdFesstoichiometry providing a thermodynamic behaviour
radically different from that of an ordered compound, due to the configurtgonal entropy of mixing
contribution.

The aim of this paper is to design a robust SL model for the description of thé&i&Fe, TM) solid
solution that can be extended to higher order systems. To do so, TM site occupancies (TM=CZ, Ni,
Pt) in the Ahs(Fe, TM) solid solution are computed at different temperatures by integrating Density
Functional Theory (DFT) calculations presented in this paper to the CEF. This forrsah uses the
Bragg-Williams approximation [23] for the description of the configurational entropy of mixing for
each sublattice. Formation enthalpy measurements of the A{Fe,Co)solid solution were also carried

out at 920 K byin-situ synthesis from high-purity metals in a differential scanning calorimeter (DSC).



These new data allowed us not only to calculate the enthalpy of mixing of the soldlution but also
to tune its isobaric heat capacity as a function of temperature and chemical composition. This onig
DSC method to measure the enthalpy of formation of aluminium-based intermetallics (all as the
resulting enthalpy of mixing of this solid solution) is presented for the first time hereThe temperature
dependence of the Gibbs free energy of the metastabdiz(Fe, TMu (TM = Cr, Ni, Pt) solid solution
components is obtained by means of the Kopp-Neumann rule [24]. To our knowledge tlgsthe first
time that a complete thermodynamic model for the Ak(Fe,TM) (with TM = Co, Cr, Ni, Pt) solid
solution which accounts for both DFT simulations and DSC-based experimental data is propihse
The case of the Ak(Fe,Mn) solid solution will be discussed in a forthcoming paper. This solid
solution exhibits a relatively wide homogeneity range, which is particularly suited to fianation
enthalpy measurements by DSC. However, the solid solution is not complete and the energyhef
AlisMn4reference state can only be determined by calculating its heat caggc Therefore, the crystal
chemistry of this solid solution will be investigated by combining 0 K DFT calculationsith finite-

temperature isobaric heat capacity calculations in order to perform its thermodynamic modkng.

2. Literature review on the Al 13Fesintermetallic

The point group of the AlsFes structure was first determined by Groth [25] based on
morphological analysis, showing that the symmetry of this phase belongs to the monoclirdgystal
system. Several authors have carried out further investigations using X-rajiffraction [26, 27, 28].
Their conclusions were not compatible with the morphological analysis carried ouby Groth [25].
Indeed, they suggested an orthorhombic crystal structure since the X-ray analysshiowed the
presence of twofold axis. This contradiction was removed later by Black [29, 30] who wkdoped a
special Patterson method. Black showed that the reported twofold axis were induced byitning in
the structure, leading to an orthorhombic pseudo-symmetry. Thus, he solved the crystal sttuce
leading to name this phase AbFe: instead of AkFe by reporting a monoclinic phase (2/m space
group) with 102 atomic sites per unit cell, 78 occupied by Al atoms and 24 occupied bg atoms. It
was thus established that the AkFes structure is an isotype of the AlsCa, AhsRhs and AksRws
structures [31]. More recently, Grinet al. [21] refined the structure. According to the structure

determination performed by Black [21, 29] and Griret al.[21], the site occupation factors §of) are

almost all equal to one. Only one crystal site (site Al(2) using Grifie o‘—f —<‘s ™" Zf——<...
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exhibits partial occupation (0.7 for Al [21] and 0.92 for Al [29, 30]). The most recent singlcrystal
structure determination performed by ‘'« 1~ «@®al.[32] and Yansonet al.[33] show that all crystal
sites of this structure are fully occupied. A crystallographic description of the MAlFes structure
including the crystallographic sites, their atomic coordinates and Wyckoff position is givein Table 1,
following Grin et al.[21] notation for lattice sites.

Thermodynamic data are also available for this solid phase. The formation enthalpytbé AlisFes
phase was measured at 933 K by means of calorimetry [34, 35] and was caltethat O K using DFT
simulations [36, 37, 38, 4]. The isobaric heat capacity was reported by several authors [39, 40, 42],
showing significantly lower values than the isobaric heat capacity obtained in the KoppeNmann
approximation. More recent DFT investigations dedicated to the existence of vacancies this
structure have been carried out by Fangt al.[4]. Their calculations have shown that the addition of
vacancies to the structure considerably reduces its thermodynamic stability.

Many phase diagram studies reporting solubility limits for this solid solution can & found in the
literature. The solubility of the following elements in the AlsFeshas been investiga¢d: TM = Co [43,
12], Cr [44, 12], Cu [45], Mn [12], Ni [46, 47, 12], Pt [17, 48], Ta [49], Ti [33], Zn [50]. Thenary
solubility of the AlisFesphase is generally limited, except in the case of the Ke-Mn ternary system

[51] as well as the AlFe-Co ternary system which exhibit a complete AdFes-Al1zCa: solid solution.

3. Methodology
3.1. In-situ synthesis and enthalpy of formation measurement using DSC

The AksFev«Caalloys were obtained from high purity metal powders (Al and Fe from Atlant
Equipment Engineers (3N purity) and Co from Sargent-Welch (3N purity)), mixed inglass tube. The
alloy compositions were chosen to match those of the solid soluticendmembers The values ok (in
AlisFev «Cq) therefore vary from 0 to 4 by 2/3 steps, leading to the synthesis of 7 different alloySote
that the exact composition of the AkCa: binary intermetallic compound (isotype of AksFes) deviates
very slightly from this rule, in agreement with the measurements of Priputeret al.[52]. For the sake
of simplification, we use the latter notation (AlsFev«Cawith x=4) in this paper. The mass proportions
were measured using a microbalance (uncertainty +0.1mg). A mass of 20mg + 0.5mg of thisture
is loaded into a lidded alumina crucible which is mounted on a Setaram Labsys Evaiggped with a

type E DSC plate rod. A vacuum pump is then used to purge the air from the furnace roiber of the



apparatus. After the air pressure is below 1 mbar, the furnace chamber iddill with high purity Ar
(5N purity) to restore atmospheric pressure. This procedure is repeated a second tinte ensure that
the Oz partial pressure is below about 106 atm before starting the experiment. A flow rate of 0.9 1h
of argon is applied and monitored throughout the thermal programme. Heating and cooling rate of
5 K/'min is applied from room temperature up to 1073 K. The temperature and heat flow Glaration
of the DSC sensor is carried out prior to the measurements and verified aftdre measurements.
Standard methods involving the measurement of melting temperature [53] and fusion enthay [54]
of high-purity metal powders (3N purity) are used (Sn, Pb and Zn from Sigma Aidh, Al from Atlantic
Equipment Engineers). The resulting uncertainty is less than 0.5 K for the tempgure measurement
and less than 1% for the heat flux. Note that the calibration procedure has bempeated each time
the crucible is replaced.

High exothermic peak corresponding to the synthesis of the alloy was recorded during the
temperature increase of each mixture, at 920 K = 1 K. The weight losses were ldsmn 1 wt.% after
the synthesis. The samples were characterized following the synthesis by X-ray powakffraction
(XRD) at room temperature using a Malvern PanAlytical Empyrean 3 equipgewith a graphite
monochromator in the diffracted beam with Cu-K=radiation. The diffractograms were also analysed
with the Rietveld refinement technique. Table 2 summarizes the chemical compositiprerystal
structure and lattice parameter of the phase obtained from the Ake-Co samples synthesized in the

present work.

3.2. DFT calculations
The DFT calculations were conducted using the VASP code [55, 56] with pseudopotential and

projector augmented wave (PAW) methods. A cutoff energy of 600 eV was determined for ghlane
wave basis set based on the convergence tests we performed. The calculatiosese done using the
generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBEexchange-
correlation functional [57]. With respect to the magnetic state of Co, Cr, Fe aNi the calculations
were performed with spin polarization. The relaxation of the lattice parameters as weas internal
atomic positions have been carried out. The chosen convergence criterion isashed for Hellman-
Feynman forces less than 1 meV/A. Finally, we used the linear tetrahedron rhetl with Bléchl
corrections to get very accurate total energy values [58]. We have calctdd the total energy of all the

endmembersgenerated by distributing individual atoms in the five non-equivalent Fe sitesi.e.



considering the following SL model: (Als:(Fe, TM):(Fe, TM):(Fe, TM):(Fe, TMy:(Fe, TMg. This SL
model generates 322nd-membersfor each ternary system. Dense grids of k-points (6 x 11 x 7) in the
Brillouin zone were used. The formation enthalpy of eacend-memberis obtained by subtracting the
calculated total energy to the molar fraction weighted sum of the energies tife pure elements in their
Stable Element Reference (SER). The mixing enthalpy of the solid solution is theicalated by
subtracting the formation enthalpy of the AlsFev«TMxsolid solution (x # 0, 4) to the molar fraction
weighted sum of the formation enthalpy of reference compoundsi.é. AlisFe; and AhsTMa pure

compounds).

3.3. Thermodynamic modelling of the AdFey «xTMxsolid solution

The Gibbs free energy of a given phase can be computed at a finite temperattram 0 K DFT
calculations of the formation enthalpies of all itsendmembersby means of the Bragg-Williams
approximation [20] viathe CEF: we consider the ideal configurational entropy on each site, nedlag
the non-configurational entropy contributions as well as the interactionswithin sublattices. Only
considering the 5 SLs related to the Fe sites, the Gibbs free energy of the(kke, TM) solid solution is

expressed as:

)oG/:(;(éﬁE;OZG; L é@S)OG/ZéﬁﬁE;O:6; E U))OB/Z(;Q/EQ:G; (1)

5”)‘”“/ . BEojs the Gibbs energy surface of reference which corresponds to the site occupancy
weighted average molar Gibbs energies of thend-members

é;a)‘;ora/:uaﬁE;o;G; L i B.jJA q‘(A‘ Li/s, L&AOLJ;AlC"B%’,;%?E;O )
UaYyapadam @

L#féis the site occupancy of specigson thei-th SL, * B%’;%?E;Ois the formation enthalpy of the

end-memberfor which the first SL is occupied by elemenit the second SL is occupied by elemergtc...

and the SL corresponding to the merging of all the Al sites is fully occupied by Al

Uy °R):¢ BA0js the ideal Gibbs energy of mixing:

UjOG/:cﬁ/E;o:G; L F46i = il\@é_ i UUaeHJUae 3)
&® U @dE
Ris the gas constantaSt is the multiplicity of the i-th SL. It should be noted that the configurational

entropy is calculated for the entire structure. However, since the mixing is dnallowed on the Fe sites,

the contribution of the Al sites to the configurational entropy is null.



4. Results and Discussion

4.1. TheAlis(Fe,Co)solid solution
4.1.1. Experimental results

The DSC heat-flow signals resulting from thim-situ synthesis of the Al3(Fe,Co) solid solution at
different Co compositions are presented in Fig. 1. Table 3 reports the formatiomtbalpies of the
Ali3(Fe,Co)solid solution at 920 K obtained by integrating the exothermic DSC peaks shown in Fig. 1.
From these results, the mixing enthalpy of the Ad(Fe,Co) solid solution at 920 K (references are

AlisFesand AksCor) has been calculated and plotted in Fig. 2.

4.1.2. DFT calculation and Finite-temperature calculation of site occupancy

Table 4 presents the DFT calculation of the total energy and formation alpy of the 32 end
membersof the Aks(Fe,Co) solid solution. The mixing enthalpy of the Ak(Fe,Co) solid solution
calculated by DFT (references ar@lisFesand AhsCa) is reported in Fig. 3. Co sites occupancies have
been calculated at 300 K and 1300 K respectively using our thermodynamic model assdeébed in
section 3.3. The results of these calculations are shown in Fig.@daFig. 5. At last, the configurational
entropy of the Ahs(Fe,Co) solid solution has been computed from the DFT-calculated Co site

occupancy and are compared to the configurational entropy of an ideal solution kig. 6.

4.1.3. Discussion

For the seven alloys synthesised in this work, the DSC signal shows a prominent afdhrp
exothermic peak, starting at 920 K. No other peaks are recorded at lower temperaas. We can thus
conclude that the synthesis reaction of the intermetallic phase occurs at 920 K. Notatlhis synthesis
temperature is lower than the one reported by Kubaschewslét al.[35] in direct reaction calorimetry
(DRC) for the synthesis of the AtFes compound from high purity metal powders. Indeed, these
authors reported a synthesis temperature of 933 K, the melting point of pure alumium. However, it
should be noted that the heat released by the formation reaction of the intermetalltompound leads
to a very rapid increase of the sample temperature, which reaches 931 K +1 K for #amples studied
in this work. This makes it difficult to capture the onset of the reaction if numericaignal processing
tools are not available. One should also note that the exothermic peak compesding to the synthesis

of our sample extends over a temperature range of about 22 K (from 909 K +1d<331 K +1 K). Strictly



speaking, our measurements are not performed under isothermal conditions. Howevéhge formation
enthalpy variation over this temperature range is negligible. Indeed, this variation is egl to the
difference between the integral of the heat capacity of the synthesized compali¢C2/ m structure)
over this temperature range and the integral of the heat capacity obtained by the g@-Neumann
approximation over this same temperature range. For the AdFes binary intermetallic compound we
obtain a formation enthalpy variation of about 0.1 kJ/mol-at [39, 40, 41, 42j.e.less than 0.5% of the
lowest enthalpy of formation that we measured in this study. The XRD characterisatiaf each alloy
was carried out after the DSC measurements and is summarised in Table 2. Thessults show that
the conversion rate of the reactants into Ab(Fe,Co) solid solution is complete (above 99 wt.%). In
fact, only sample # 2 contained some unmelted aluminium (2.9 wt.%). We haaificially removed
this mass of unmelted aluminium in the formation enthalpy calculation. Note that our measuremts
of the formation enthalpy of the AlsFesintermetallic compound are in good agreement with those
performed by Kubaschewskiet al.[35] and Biltz [34] as reported in Table 3. These measurements
were also used to determine the mixing enthalpy of the solid solution, considering AFesand AhsCo
compounds as references. It appears in Fig. 2 that the enthalpy of mixiofgthis solid solution reflects
an almost ideal behaviour at this temperature since the enthalpy values are relatiyetmall (less than
1.8 kd/mol in absolute values). Note that the formation enthalpy measurements reported ihable 3
all fall within + 0.5 kJ/mol-at from the mean enthalpy value, for each alloy conagition. We assume in
this study that this range of £ 0.5 kJ/mol-at range is the confidence intervaf our measurements. It
results in a confidence interval of + 1 kJ/mol-at for the mixing enthalpiesalculated by summing the
formation enthalpy values as reported in Figure 2.

Total energies and formation enthalpies of the 32nd-membersof the solid solution are reported in
Table 4. The formation enthalpy of the AkFesbinary intermetallic compound calculated in this work
(-31.335 kJ/mol) is in good agreement with calculations available in the literature-81.840 kJ/mol
[4], -33.481 kJ/mol [36], -30.876 kJ/mol [37], -31.840 kJ/mol [38]). To our knowledge, calculations or
measurements of the thermodynamic parameters of any othesndmembersare not available in the
literature. One should note that the spin polarisation calculations allowed us to céirm the results of
Fang et al. [4] showing that the AkFesphase is non-magnetic. More generally, our calculations have
shown that all theend-membersconsidered in this study are non-magnetic.

The thermodynamic modelling of this solid solution was carried out according to the Calphad method.
For this purpose, the formation enthalpy of each solid solutioend-membercalculated by DFT within

this study were considered. Secondly, the isobaric heat capacities of all the solid s@atendmembers

10



were slightly shifted towards those obtained by the Kopp-Neumann rulto fit the formation enthalpy
measured at 920 K by DSC. Note that the isobaric heat capacity that we have optimised forsibled
solution depends only on the chemical composition and temperature but not on configuration; dhe
end-membershaving an identical stoichiometry have an identical isobaric heat capacity. It should be
noted that the heat capacity measurements of the AFesbinary compound available in the literature
[39, 40, 41, 42] were not considered in this study. Indeed, these measurements werafoemed using
conventional planar DSC which do not provide an accurate isobaric heat capacity measueat
comparable to three-dimensional calorimetry methods associated with a specifi@akbration method
[59, 60]. Consequently, the measurements performed by lllekovet al.[39], Zienert et al. [40] and
Rank et al. [41, 42] are in strong contradiction with the formation enthalpy measurements and
calculations available in the literature. Indeed, all the data availabla the literature [4, 36, 37, 38, 34,
35] as well as our own calculations and measurements show that the formati@nthalpy of the AlsFes
binary compound increases with temperature, indicating that its isobarideat capacity is higher than
the one obtained by the Kopp-Neumann rule. Note that this increase in foation enthalpy with
temperature is also observed for all the solid solutiorend «members Measurements provided by
Illekova et al.[39], Zienert et al.[40] and Ranket al.[41, 42] show a strong opposite trend. We believe
that the calculations and measurements of formation enthalpy available in the litature are more
reliable and we must therefore discard the heat capacity measurements. At lasipte that no
interaction parameters were used. Our thermodynamic modelling results in the @st possibke
compromise with all the experimental and calculated data considered. The optimised n@aneters
show good agreement with our measurements and calculations (relative error leshan 5%). The
parameters we optimised are reported in Appendix.

Fig. 4 shows that the distribution of Co atoms on the different Fe sites of theifdes structure is
ordered at low temperature. The substitution of Fe atoms by Co atoms occurs preferentiatin site
Fe(1), and then on sites Fe(4), Fe(3), Fe(2) and Fe(5) when changing carspion from AlisFes to
Al13Ca.. These results agree with those of Pargt. al[12] indicating that Co preferentially occupies
site Fe(1). Note however that the mixing enthalpy of the solid solution reported in Fi§.is relatively
small (below 1 kd mol) which reflects a relatively low level of ordering at 0 K. Co site occupancies
were computed at different temperatures from the Calphad modelling of the fd(Fe,Co) solid
solution we carried out in our work. In Fig. 4, the calculation of Cgite occupancy at 300 K reveal that
sites Fe(1), Fe(4), Fe(3) on the one hand, and sites Fe(2), Fe(5)tba other hand, have comparable

Co occupancy values throughout the homogeneity range of the solid solution. Since the solid solution

11



remains stable up to relatively high temperatures (more than 1300 K [43]), Csite occupancy were
also computed at 1300 K as shown in Fig. 5. The five Fe sites are almost energdyicguivalent at
this temperature (i.e. exhibiting similar site occupancies). Finally, the configurational entropy of
mixing of this solid solution presented in Fig. 6 allow us to quantify the level of orderg of the solid
solution: While the solid solution remains partially ordered at 300 K, it is nearly ampletely
disordered at 1300 K (the configurational entropy of mixing is almost identical to thieof an ideal solid

solution).

4.2. The Als(Fe,Cr)solid solution
4.2.1. DFT calculation and Finite-temperature calculation of site occupancy

Table 5 presents the DFT calculation of the total energy and formation talpy of the 32 end-
membersof the Aks(Fe,Cr) solid solution. The mixing enthalpy of the Ak(Fe,Cr) solid solution
calculated by DFT (references arélisFesand AksCrs) is reported in Fig. 7. Cr sites occupancies have
been calculated at 1315 K as shown in Fig. 8. At last, the configurational ety of the Aks(Fe,Co)
solid solution has been computed from the DFT-calculated Cr site occupancy asd¢ompared to the

ideal configurational entropy in Fig. 9.

4.2.2. Discussion

The example of the Ak(Fe,Cr) solid solution is quite particular. Indeed, as shown in Fig. 7, the
ground-state of the solid solution consists of a singlendmemberreferred as Fe:Fe:Fe:Fe:Cr (in
addition to the intermetallic compounds of reference) reflecting the preferentisubstitution of Fe by
Cr on site Fe(5). Moreover, note that the anti-structure Cr:Cr:Cr:Cr:Fedgse of the most unstableend
member As a result, we should expect a strong Cr occupancy on site Fe(5). Oloutations are thus
in good agreement with those of Pangt. al[12] showing that Cr preferentially occupies site Fe(5) of
the AhsFes structure. Other endmembersare not stable at 0 K (formation energy higher than the
calculated convex hull). The Cr site occupancies are presented at 131fkcig. 8, the temperature at
which the solid solution has the largest homogeneity range [61]. Site Fe(5) is the peeéntial site for
Cr substitution throughout the homogeneity range of the solid solution, in good agreement with our O

K DFT calculations. The other Fe sites (sites Fe(1), Fe(2), Fe(3) anddyeéxhibit similar occupancy
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values. Finally, it should be noted that the configurational entropy calculations of Fig.reveals that

the solid solution is weakly ordered at 1315 K.

4.3. The Als(Fe,Nixsolid solution
4.3.1. DFT calculation and Finite-temperature calculation of site occupancy

Table 6 presents the DFT calculations of the total energy and formation tealpy of the 32 end-
membersof the Ahks(Fe,Nik solid solution. The mixing enthalpy of the Abk(Fe,Nik solid solution
calculated by DFT (references ar@lisFesand AksNis) is reported in Fig. 10. Ni sites occupancies have
been calculated at 300 K and 900 K as shown in Fig. 11 and Fig. 12. At lastctimdigurational entropy
of the Aks(Fe,Nix solid solution has been computed from the DFT-calculated Ni site occupancydan

are compared to the ideal configurational entropy in Fig. 13.

4.3.2. Discussion

As shown in Fig. 10, Ni substitutes Fe on site Fe(4), and then on sites Fe(2), Fef8)3) and Fe(1)
when changing composition from AlsFesto AlisNia. Interestingly, our calculations differ from those of
Panget al.[12] suggesting that the substitution of Fe atoms by Ni atoms occurs preferentially on site
Fe(1). Panget al. calculated that the energy difference between the structure with Ni substituted on
site Fe(1) and Ni substituted on site Fe(4) to be 57.4 ol whereas our calculations show an energy
difference between the two structures of 13 /Imol only. One could argue that such small energy
differences imply that the two Fe sites are equivalent in terms of Ni sukiition. However, this can
only be valid for very low Ni concentrations since the calculations caied out by Panget al. only
consider the substitution of a single Fe atom by a single Ni atom. In contrastir calculations take into
account the entire variation in chemical composition from AkFesto AlisNis. Ni site occupancies have
also been computed at 900 K, temperature at which the solid solution extends the md46]. Our
calculations highlight that site Fe(1) alternatively switches from a very favourale site for Ni
substitution at 900 K (if less than 5 % of the Fe atoms are substituted by Ni) to theast favourable
site for Ni substitution (if more than 40 % of the Fe atoms are substituted by Ni) as repodén Fig 12.
The situation appears even more contrasted when looking at our results presemtdn Fig. 11. Site
Fe(1) is one of the least favourable one for substitution by Ni atoms while siteefd) is the most
favourable one in almost the entire chemical composition range at 300 K. Théoee, our results show

that chemical composition plays a crucial role in Ni site occupancy and that sieghtom substitution
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calculations may be too restrictive to conclude on the most favourable sitfor Ni occupancy. At last,
note that the solid solution is relatively strongly ordered at 300 K but is close to ideat 900 K as

reported in Fig. 13.

4.4. The Als(Fe,Pt)solid solution
4.4.1. DFT calculation and Finite-temperature calculation of site occupancy

Table 7 presents the DFT calculations of the total energy and formation entlpg of the 32 end
membersof the Ahs(Fe,Pth solid solution. The mixing enthalpy of the Abk(Fe,Pt) solid solution
calculated by DFT (references arélisFesand AksPts) is reported in Fig. 14. Pt sites occupancies have
been calculated at 300 K and 1373 K as shown in Fig. 15 and Fig. 16. At last, tinfigurational entropy
of the Ahs(Fe,Pt) solid solution has been computed from the DFT-calculated Pt site occupancy and

are compared to the ideal configurational entropy in Figl7.

4.4.2. Discussion

The calculated 0 K mixing enthalpy reported in Fig. 14 indicates that the substitution of Béoms
by Pt atoms occurs successively on sites Fe(1), Fe(4), Fe(5), Fe(2) and3feQur results therefore
show that the preferred site for Pt occupancy is site Fe(1) in good agreement withviestigations
carried out by Yamadeet. al[17]. One should also note that this pseudo-binary solid solution is rathe
stable (.e.large negative enthalpy of mixing) suggesting a relatively strong level ofdering compared
to the other studied solid solutions. Pt site occupancies computed at 300 K (Fig. 15) show both the
substitution sequence identified in Fig. 14 and the strong ordering of the solid solutionrnce the Fe
sites all have very different occupancy values. The Pt site occupancies walg computed at 1373 K
as reported in Fig. 16, temperature at which the solid solution extends the most [48]. Oskould
notice that sites Fe(5) and Fe(2) are the only ones that can be considdras equivalent at this
temperature. Configurational entropy of mixing computed at 300 K and 1373 K (Fig. 17) eldy

indicates that the solid solution remains strongly ordered.

5. Discussion

As explained in the introduction, the design of a SL model for a given solid wbn in the

framework of the CEF can be achieved after a careful analysis of theystal structure and the
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identification of the origin the non-stoichiometry via its crystal chemistry. The solution model must
allow to accurately describe the configurational entropy of mixing at high temgrature in the
homogeneity range of the phase and to a lesser extent, outside the homogeneity range if waats to
accurately describe its metastable behaviour. Moreover, since the numbef endmembersincreases
exponentially with the number of SL, a SL model must also result from a coromise between the
precision of the description of the crystal structure and the simplicity of use ofhe model, which
suggests a reduction in the number of SL if possible. The examples considered iis fhaper clearly
show that the Aks(Fe,Co)and Aks(Fe,Ni)solid solutions are almost completely disordered at 1373 K
and 900 K, respectively, and can be considered ideal. For these two solid solutipitss therefore
recommended to merge all Fe sites of the AFesstructure into a single SL.
The Abs(Fe,Cr) solid solution is slightly different. Cr occupancy values on site Fe(5) remain
significantly different than those of all the other Fe sites, up to 1315 K. Despithis, the configurational
entropy we have calculated is relatively close to that of an ideal solution, shavg weak ordering at
1315 K. This is due to the comparable Cr occupancy values on sites Fe(1) to Feéflecting the
disordered nature of the solid solution. It should also be noted that the multiplicity ofite Fe(5) is
three times lower than the combined multiplicity of sites Fe(1) to Fe(4); the ordeng observed on site
Fe(5) thus has a moderate impact on the configurational entropy of the solid solutiomherefore, for
simplicity purposes, we consider that merging all Fe sites into a single SL is eptable.
On the contrary, the Ads(Fe,Pth solid solution remains ordered, over a wide temperature range from
300 K to 1373 K. The Pt occupancy values show that only sites Fe(2) and Fe(5) barconsidered as
equivalent at 1373 K. The calculation of the configurational entropy of mixing shovike inability of a
single SL model for the Fe sites to accurately describe the thermodynamic behaviafrthis solid
solution. A simplified SL model for Fe sites could still be considered if one is prihterested in the
thermodynamic stability of the solid solution, and not in its metastability. For this purpose, sitEe(1)
should be accounted for by one SL while all the other Fe sites can lmenbined in a second SL since
their occupancy values are comparable in the solid solution homogeneity range, stsown in Fig. 16.
This is only acceptable because the homogeneity range of the solid solution is partialydimited, as
reported by Grushko [48] and shown in the Fig. 14 to 17. However, this is not whae recommend in
the present paper. A reliable thermodynamic modelling of this solid solution shouldebbased on a 4-
SL model for the Fe sites: one SL for sites Fe(2) and Fe(5) and onedBle&ch remaining Fe site.

In order to design an optimal SL model for the Ad(Fe, TM) solid solution, the potential presence

of structural vacancies in the AlsFes structure has to be analysed. As mentioned in section 2, the
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reported values forsofof site Al(2) in the AksFesstructure differs depending on the studies available
in the literature. Some studies reported a partial occupancy of the site Al(25¢fof 0.7 [29, 30] and
0.92 [21]) while others have shown that the site Al(2) is fully occupied. According to our litature
review, the most reliable structure determination is presented in the work of ‘'« 7« al.[32].
These authors found no vacancy defects in this crystal structure. This is fully consistevith the DFT
calculations performed by Fanget al.[4] which showed that the presence of vacancies in the structure
is energetically highly unfavourable. It should be noted that partial site ocpancy was not reported
for either the isotypic AlisRus structure [21] or the partially disordered AlisFes structure containing
5.5 at.% of Ti as presented by Yansaet al.[33]. In this context, the partial occupancy of this crystal
site must be questioned. Theofvalue of 0.7 [29, 30] and 0.92 [21] are equivalent to a deficit of 16 and
4 electrons per unit cell respectively over the 1638 electrons of the ideal stcture. These very small
differences in electronic densities appear to be measurement artifacts, whidould also explain why
the partial occupancy values reported by Black [29, 30] and Grit al.[21] are so different from each
other. According to all these observations and results, SL models that inclugguctural vacancies are
not recommended for the thermodynamic modelling of the Ab(Fe,TM) solid solution. This is in
contrast with the CEF model developed by Sundmaat al.[22] which has been extensively used in the
past years [22, 62, 63, 64, 65, 66, 67].

As a final remark, it should be noted that in most cases, the solubilitf an element in the Al:Fes
binary compound usually involves substitutions on the Fe sites. In fact, only the followingeshents
substitute on Al sites: 1) Ta [49], 2) Ti [68], 3) Si [69] and 4) Zn [50]. Furthermore, the solid solutions
obtained with these elements show particularly limited homogeneity ranges [49, 68, 70, 50],
compared to those for which Fe atoms are substituted. Therefore, the SL model developed byd-et
al. [4] seems to be unsuitable for modelling these solid solutions. Indeed, in this model| Be sites
have been combined in a single SL and the Al sites have been distingatshMoreover, the authors
suggested to split sites Al(5), Al(7) and Al(9) and to merge the remaingnAl sites. However, the same
authors have shown that Si can substitute Al on sites Al(8) and Al(9) [69}hich cannot be described
by their SL model. Similarly, XRD analysis carried out by Yansenal.[33] showed that Ti substitutes
Al on sites Al(9), Al(10), Al(11) and Al(15), which cannot be correctly desibed with the latter model.
In addition, the SL-model proposed by Fanet al.was designed by calculating structures with a single
atom substituted. We have shown in this paper that this procedure can sometimes lead to@reous

conclusions regarding the preferential substitution sites of solid solutions. We thuselieve that this
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model is well suited to describe the thermodynamic behaviour of the AdFes compound in the Al-Fe

binary system but can hardly be used for higher order systems.

6. Conclusion and perspectives

We presented in this work an original method to define an optimal SL model for th&liz(Fe, TMu
multicomponent solid solution along with its precise parameterisationvia the Calphad approach. It
was experimentally confirmed that the complete solid solution in the AbFes-Al13Co pseudo-binary
section is associated with a virtually null enthalpy of mixingOur novelin-situ synthesis of this solid
solution for distinct compositions, starting from pure elemental powders, provided precise rghalpy
of formation data at 920 K when compared to the literatureij.e.,-26.8 kJ/mol-at for AhsFes binary
compound versus-27.9 kJ/mol-at [34] and -26.2 kJ/mol-at [35]. These data were then used not bn
to calculate the enthalpy of mixing of this pseudo-binary section but also to pareetrise the Gibbs free
energy of the solid solutionendmembers
Our approach allowed us to explore the crystal chemistry of the solid solutions by compng the TM
site occupancy on the Fe crystal sites as a function of temperature using the ih@dynamic model
built in this work. The ordering of the solid solution was also quantified as fuction of temperature. It
was found that some chemical ordering exists for different pseudo-binary sectisrat low temperature
because of the stability of some&nd-memberswhich have large and negative enthalpy of formation
(especially for Pt and Ni). It is interesting to note that even though large enthalpy of foation were
calculated for both AlsPt (-49.9kJ/mol-at) and AhsNis (-31.1 kJ/mol-at), they would not form at
equilibrium at low temperature as the equilibrium phase assemblage in thesg/stems leads to even
lower enthalpy of formation, i.e.-64.5 kJ/mol-at for the (AkiPts + Alk1Pts) phase assemblage for the
Al-Pt system [71] and -45.2 kJ/mol-at for the fcctAlzNi-DO11) phase assemblage for the Al-Ni
system [72]. At higher temperature, the virtually-zero enthalpy of mixing for the Ak(Fe,TM) solid
solutions (TM = Co, Cr, Ni) leads to almost ideal configurational entropy of mixing values.

As a conclusion, a 2-SL model (one SL resulting from the merging the Al siteise SL resulting from
the merging of the Fe sites of the AJFes structure) seems well suited for describing the Ak(Fe, TM)
solid solutions (TM = Co, Cr, Ni). In contrast, the A{Fe,Ptk solid solution has to be described using a

5-SL model (four SL for the Fe sites, one SL for the Al sites).
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The next steps to improve the precision of our methodology are 1) to directly measure theat
capacity of key stable solid solution compositions using a 3D-Cp Pt rod [73] andt@)complement our
DFT calculations at 0 K by building the temperature dependency of the Gibbsdrenergy using a quasi-
harmonic-based method involving the evaluation of either the elastic constants or the phon-

spectrum of a given crystal structure [74].
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8. Table caption

Table 1: Crystallographic description of the AlsFey +—"— ... ——"% f ... ...
Site Wy?KOff y z
position

Fe(1) 4 0.0851 0 0.3821
Fe(2) 4i 0.4018 0 0.6234
Fe(3) 4i 0.0906 0 0.9889
Fe(4) 4 0.4031 0 0.9859
Fe(5) 8j 0.3195 0.2938 0.2777
Al(2) 4 0.0649 0 0.1743
Al(2) 4 0.3232 0 0.2819
Al(3) 4 0.2377 0 0.5349
Al(4) 4 0.0736 0 0.5803
Al(5) 4 0.2406 0 0.9608
Al(6) 4 0.4792 0 0.8288
Al(7) 2d 0.5 0 0.5
Al(8) 4 0.3057 0 0.7728
Al(9) 4 0.087 0 0.7885
Al(10) 8j 0.185 0.2168 0.1106
Al(11) 8j 0.3677 0.2113 0.1097
Al(12) 8j 0.1783 0.221 0.3346
Al(13) 8j 0.4916 0.2334 0.3296
Al(14) 8j 0.3634 0.2188 0.4786
Al(15) 49 0 0.2496 0
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Table 2: Chemical composition and Rietveld refinement from XRD characterisation dfe Al+-e-Co samples.

Sample Nominal Space Phase Lattice parameters
number composition group  wt.% Aand-°
X (in AlsFerxCa a b c t

1 0 Q/m 99.9 15.5039(6) 8.0725(1) 12.4705(2) 107.6958(3)
2 2/3 Q/m 97.1 15.4682(7) 8.0869(4) 12.4636(3) 107.722(1)
3 4/3 Q/m 100 15.4194(4) 8.1024(2) 12.4486(3) 107.8168(4)
4 6/3 Q/m 100 15.3615(5) 8.1250(3) 12.4259(4) 107.8446(6)
5 8/3 Q/m 100 15.3176(4) 8.1291(2) 12.4142(5) 107.8964(8)
6 10/3 Q/m 100 15.2300(5) 8.1528(2) 12.3972(4) 107.9934(6)
7 4 Q/m  99.3 15.1722(5) 8.1081(2) 12.3512(4)  107.8474(6)

Table3: “"ef —<'e t+—S fH)'of thg Aks(Fe,Co)solid solution measured at 920 K compared to literature data.

Reference states are Al (fcc), Fe (bec) and Co (bec) pure elements

Composition Hi Method Ref.
x (in AlisFes «Ca) kJ/mol- at
runl run2 run3  Average
0 -26.71 -26.84 -26.73 -26.76 DSC This work
-27.9 DRC at 933 K [34]
-26.2 Solution calorimetry [35]
2/3 -28.14 -27.27 -27.86 -27.76 DSC This work
4/3 -29.55 -28.75 -29.28 -29.19 DSC This work
6/3 -28.71 -28.00 -28.56 -28.42 DSC This work
8/3 -30.16 -29.91 -29.36 -29.81 DSC This work
10/3 -31.03 -31.07 -30.89 -31.00 DSC This work
4 -32.29 -32.71 -3259 -32.53 DSC This work

24



Table 4: First-principle calculation of theend-membersn the Ahs(Fe,Co) «*Z<t «*Z——<*s f -notati@dn "<eis
for lattice sites is adopted [21].Ew is the total energies of theend-members A is the formation enthalpies
of the end-membersReference states are Af¢c), Fe pco and Co bcg) pure elements

Site Etot He
multiplicity eV kJ/mol- at
Fe(1l) Fe(2) Fe(3) Fe@d) Fe(5)
4 4 4 4 8

Fe Fe Fe Fe Fe -523.519 -31.335
Co Co Co Co Co -500.337 -37.147
Co Fe Fe Fe Fe -520.169 -32.800
Fe Co Fe Fe Fe -520.044 -32.681
Fe Fe Co Fe Fe -520.005 -32.644
Fe Fe Fe Co Fe -520.139 -32.772
Co Co Fe Fe Fe -516.449 -33.885
Co Fe Co Fe Fe -516.597 -34.025
Co Fe Fe Co Fe -516.638 -34.064
Fe Fe Fe Fe Co -515.819 -33.289
Fe Co Co Fe Fe -516.369 -33.810
Fe Co Fe Co Fe -516.562 -33.993
Fe Fe Co Co Fe -516.544 -33.976
Co Fe Fe Fe Co -512.168 -34.468
Co Co Co Fe Fe -512.669 -34.942
Fe Co Fe Fe Co -512.188 -34.488
Co Co Fe Co Fe -512.732 -35.002
Fe Fe Co Fe Co -512.201 -34.499
Co Fe Co Co Fe -512.883 -35.145
Fe Fe Fe Co Co -512.272 -34.566
Fe Co Co Co Fe -512.712 -34.983
Co Co Fe Fe Co -508.246 -35.391
Co Fe Co Fe Co -508.400 -35.537
Fe Co Co Fe Co -508.421 -35.556
Co Fe Fe Co Co -508.451 -35.585
Co Co Co Co Fe -508.751 -35.868
Fe Co Fe Co Co -508.478 -35.610
Fe Fe Co Co Co -508.466 -35.599
Co Co Co Fe Co -504.331 -36.292
Co Co Fe Co Co -504.400 -36.358
Co Fe Co Co Co -504.521 -36.472
Fe Co Co Co Co -504.542 -36.491
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Table 5: First-principle calculation of theend-membersn the Aks(Fe,Cry ¢ Z<t o' Z——<‘s f—r
for lattice sites is adopted [21].Ew is the total energies of theend-members A is the formation enthalpies
of the end-membersReference states are Af¢c), Fe pco and Cr pco) pure elements

Site Etot He
multiplicity eV kJ/mol- at
Fe(l) Fe(2) Fe(3) Fe@d) Fe(5)

4 4 4 4 8
Fe Fe Fe Fe Fe -523.519 -31.335
Cr Cr Cr Cr Cr -531.483 -10.134
Cr Fe Fe Fe Fe -523.574 -26.589
Fe Cr Fe Fe Fe -523.065 -26.107
Fe Fe Cr Fe Fe -524.583 -27.543
Fe Fe Fe Cr Fe -524.385 -27.356
Cr Cr Fe Fe Fe -524.870 -23.045
Cr Fe Cr Fe Fe -524.561 -22.753
Cr Fe Fe Cr Fe -524.741 -22.923
Fe Fe Fe Fe Cr -527.199 -25.248
Fe Cr Cr Fe Fe -524.932 -23.104
Fe Cr Fe Cr Fe -524.440 -22.638
Fe Fe Cr Cr Fe -525.465 -23.607
Cr Fe Fe Fe Cr -527.705 -20.927
Cr Cr Cr Fe Fe -525.939 -19.257
Fe Cr Fe Fe Cr -527.952 -21.161
Cr Cr Fe Cr Fe -525.837 -19.161
Fe Fe Cr Fe Cr -527.990 -21.198
Cr Fe Cr Cr Fe -525.732 -19.062
Fe Fe Fe Cr Cr -528.340 -21.529
Fe Cr Cr Cr Fe -525.811 -19.137
Cr Cr Fe Fe Cr -529.092 -17.441
Cr Fe Cr Fe Cr -528.401 -16.787
Fe Cr Cr Fe Cr -528.843 -17.206
Cr Fe Fe Cr Cr -528.814 -17.178
Cr Cr Cr Cr Fe -527.187 -15.639
Fe Cr Fe Cr Cr -528.798 -17.163
Fe Fe Cr Cr Cr -529.150 -17.496
Cr Cr Cr Fe Cr -530.042 -13.570
Cr Cr Fe Cr Cr -530.092 -13.617
Cr Fe Cr Cr Cr -529.879 -13.415
Fe Cr Cr Cr Cr -530.150 -13.672
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Table 6: First-principle calculation of the end-membersin the Ahs(FeNi)s solid ¢*Z——<'e f— r & “<oie
notation for lattice sites is adopted [21].E«: is the total energies of theend-members Al is the formation
enthalpies of theend-membersReference states are Afcc), Fe pcg and Ni (fcc) pure elements

Site Etot He
multiplicity eV kJ/mol- at
Fe(l) Fe(2) Fe(3) Fe@d) Fe(5)

4 4 4 4 8
Fe Fe Fe Fe Fe -523.519 -31.335
Ni Ni Ni Ni Ni -456.291 -31.081
Ni Fe Fe Fe Fe -513.679 -32.606
Fe Ni Fe Fe Fe -513.236 -32.186
Fe Fe Ni Fe Fe -513.512 -32.447
Fe Fe Fe Ni Fe -513.694 -32.619
Ni Ni Fe Fe Fe -502.129 -32.194
Ni Fe Ni Fe Fe -503.001 -33.019
Ni Fe Fe Ni Fe -502.964 -32.984
Fe Fe Fe Fe Ni -501.890 -31.968
Fe Ni Ni Fe Fe -502.481 -32.527
Fe Ni Fe Ni Fe -502.733 -33.058
Fe Fe Ni Ni Fe -502.630 -32.668
Ni Fe Fe Fe Ni -490.699 -31.959
Ni Ni Ni Fe Fe -490.835 -32.088
Fe Ni Fe Fe Ni -491.161 -32.397
Ni Ni Fe Ni Fe -491.109 -32.348
Fe Fe Ni Fe Ni -491.174 -32.408
Ni Fe Ni Ni Fe -491.364 -32.588
Fe Fe Fe Ni Ni -491.360 -32.585
Fe Ni Ni Ni Fe -491.224 -32.456
Ni Ni Fe Fe Ni -479.184 -31.644
Ni Fe Ni Fe Ni -479.792 -32.219
Fe Ni Ni Fe Ni -480.142 -32.550
Ni Fe Fe Ni Ni -479.705 -32.137
Ni Ni Ni Ni Fe -479.259 -31.715
Fe Ni Fe Ni Ni -480.310 -32.710
Fe Fe Ni Ni Ni -479.764 -32.193
Ni Ni Ni Fe Ni -468.102 -31.676
Ni Ni Fe Ni Ni -468.067 -31.643
Ni Fe Ni Ni Ni -468.130 -31.702
Fe Ni Ni Ni Ni -468.370 -31.929
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Table 7: First-principle calculation of the end-membersin the Ahs(FePt)s ¢‘Z <t o‘Z ——«¢'e
notation for lattice sites is adopted [21].E« is the total energies of theend-members Ads is the formation
enthalpies of theend-membersReference states are Afgc), Fe pcg and Pt (fcc) pure elements

Site Etot He
multiplicity eV kJ/mol- at
Fe(1l) Fe(2) Fe(3) Fe@d) Fe(5)

4 4 4 4 8
Fe Fe Fe Fe Fe -523.519 -31.335
Pt Pt Pt Pt Pt -491.286  -49.872
Pt Fe Fe Fe Fe  -520.748  -36.902
Fe Pt Fe Fe Fe  -519.363  -35.592
Fe Fe Pt Fe Fe  -519.327  -35.558
Fe Fe Fe Pt Fe -519.568 -35.786
Pt Pt Fe Fe Fe -515.077 -39.676
Pt Fe Pt Fe Fe -515.510 -40.086
Pt Fe Fe Pt Fe -516.084  -40.628
Fe Fe Fe Fe Pt -513.630  -38.307
Fe Pt Pt Fe Fe -514.752  -39.368
Fe Pt Fe Pt Fe -514.523 -39.152
Fe Fe Pt Pt Fe -513.909 -38.571
Pt Fe Fe Fe Pt -508.817 -41.941
Pt Pt Pt Fe Fe  -509.661  -42.740
Fe Pt Fe Fe Pt -508.797  -41.922
Pt Pt Fe Pt Fe  -509.923  -42.988
Fe Fe Pt Fe Pt -508.673  -41.806
Pt Fe Pt Pt Fe  -509.351  -42.447
Fe Fe Fe Pt Pt -509.185  -42.289
Fe Pt Pt Pt Fe  -508.364 -41.513
Pt Pt Fe Fe Pt -503.213  -44.828
Pt Fe Pt Fe Pt -503.773  -45.358
Fe Pt Pt Fe Pt -504.024  -45.595
Pt Fe Fe Pt Pt -504.284 -45.841
Pt Pt Pt Pt Fe  -503.266  -44.878
Fe Pt Fe Pt Pt -504.058  -45.627
Fe Fe Pt Pt Pt -502.504 -44.157
Pt Pt Pt Fe Pt -497.983  -48.019
Pt Pt Fe Pt Pt -498.261  -48.282
Pt Fe Pt Pt Pt -497.501 -47.563
Fe Pt Pt Pt Pt -497.303  -47.376
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9. Figure caption
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Figure 1: DSC heat-flow signal ofn-situ synthesis of the Ads(Fe,Co) solid solution at different compositions
obtained from a 5 K min heat ramp of a high purity pure element powders mixture.
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Figure 2: Mixing enthalpy of the Ais(Fe,Co) solid solution measured at 920 K by DSC. Reference states are
AlizFesand AksCo.
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Figure 3: Mixing enthalpy of the Als(Fe,Co) solid solution calculated at 0 K by DFT. The substitution sequence
<o "E'vtete—%t fo. .. tce%e —' "ceie o' —f —A“BIC ¥ EmeansAelermert o sité Fe(1) B
element on site Fe(2), etc. Reference states ara#e;and AhsCao.
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Figure 4: Co site occupancies calculated at 300 K in theid(Fe,Co} e Z<T ' Z——<c'e8 "co io o' —f—c'e "7 Zf_—c.. t

is adopted [21].
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Figure 5: Co site occupancies calculated at 1300 K in theiiFe,Co} ¢ Z <t o‘Z——c'e& "o jo o'—f—c'e "7 7f__(

sites is adopted [21].
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Figure 6: Configurational entropy (Son) of the Ahs(Fe,Co) solid solution calculated at 300 K and 1300 K
compared to the configurational entropy of an ideal solid solution (&a).
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Figure 7: Mixing enthalpy of the Als(Fe,Cr) solid solution calculated at OK by DFT. The substitution sequence is
TR tete—%t foL . “fce%o —' Tceie of—f —<Pe: BY'C AY:-E-means Aselertenttan dite Fe(1)B
element on site Fe(2), etc. The maximum homogeneity range of the solagion is shaded in blue [61]. Reference
states are AlsFesand AhsCra.
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Figure 8: Cr site occupancies calculated at 1315 K in the 18Fe,Crk o *Z <t o'Z——<c'ed V<o o o' —f—c'e "7 7f__c

sites is adopted [21]. The maximum homogeneity range of the solid solutionshaded in blue[61].
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Figure 9: Configurational entropy (Sonf) of the Ahs(Fe,Cr)solid solution calculated at 1315 K compared to the
configurational entropy of an ideal solid solution ((%ea)). The maximum homogeneity range of the solid solution
is shaded in blue [61].
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Figure 10: Mixing enthalpy of the Als(Fe,Ni) solid solution calculated at 0 K by DFT. The substitution sequence
<o "E'Urete—tt f... Tt ce%o —' Tcoie o —f A!B:CYDZE meansAtelement ort sitéiFe(1)B
element on site Fe(2), etc. The maximum homogeneity range of the sdwlution is shaded in blue [46]. Reference
states are AlsFesand AhsNia.
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Figure 11: Ni site occupancies calculated at 300 K in the A(Fe,Nij «*Z<t o'Z——<'e& "<o o o' —f_c'e "7 Zf_—c,

sites is adopted [21]. The maximum homogeneity range of the solid solutios shaded in blue [46].
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Figure 12: Ni site occupancies calculated at 900 K in the A(Fe,Nil **Z <t ¢'Z——<c‘ed "co o o'—f—c'e ~*" 7f__(

sites is adopted [21]. The maximum homogeneity range of the solid solutios shaded in blue [46].

40



18 T T T T T T T I ' I
—— S_ons Calculated at 300 K [this work] ]
1.6 { — S, Calculated at 900 K [this work] -
— 1= = Sideal
Y, 14 -
! 4 L. - T T~ ~ -
% - .
© 1.2 P < -
_| i 7’ ~ J
© 10+ , N\ 1
S _ y \ _
'] / \
< 08+ , \ .
> . / \\ |
o | / i
o 06 , \
- ] )
= /
LI=J 044 , =
1 )
0.2 4 —
OO B I ' I v ] ' I ' I '
0.00 2/3 4/3 6/3 8/3 10/3 4.00
Al,.Fe, x in Al ;Fe, Ni, Al ;Ni,

Figure 13: Configurational entropy (Sonf) of the Ahs(Fe Ni)4solid solution calculated at 300 K and 900 K compared
to the configurational entropy of an ideal solid solution ((Sea)). The maximum homogeneity range of the solid
solution is shaded in blue [46].
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Figure 14: Mixing enthalpy of the Als(Fe,Pt) solid solution calculated at 0 K by DFT. The substitution sequence
<o "E'Fete—tt f... “tce%o —' "ol o —f A!B:C’DZE meansAlelement ont sitéiFe(1) B
element on site Fe(2), etc. The maximum homogeneity range of the solid d@ua is shaded in blue [48].
Reference states are AlFezand AksPts.
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Figure 15: Pt site occupancies calculated at 300 K in the:a(Fe,Pth ¢ Z<T o Z——<c‘ed "co o o' —f—c'e "7 Zf——c. .

is adopted [21]. The maximum homogeneity range of the solid solutias shaded in blue[48].
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is adopted [21]. The maximum homogeneity range of the solid solutias shaded in blue [48].
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Figure 17: Configurational entropy (Sonf) of the Aks(Fe Pt)4solid solution calculated at 300 K and 1373 K compared to the
configurational entropy of an ideal solid solution ((%ea)). The maximum homogeneity range of the solid solution is shaded
in blue [48].
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Table 8: Optimised parameter of the Als(Fe,Co) solid solution

S.;'t?. Parameter (J/mol)
multiplicity
Al(1-15) Fe(l) Fe(2) Fe(3) Fe(4) Fe(5)

78 4 4 4 4 8

Al Fe Fe Fe Fe Fe -3.6735E6+7098*T-1251*TLn(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Co Co Co Co Co -4.2602E6+7057*T-1251*TLn(T)-3.48*T2+1.224E-3*T3-2.6045E-7*
Al Co Fe Fe Fe Fe -3.8354E6+7377*T-1291*TLN(T)-3.56*T2+1.224E-3*T3-2.6045E-7*
Al Fe Co Fe Fe Fe -3.8229E6+7377*T-1291*TLN(T)-3.56*T2+1.224E-3*T3-2.6045E-7*
Al Fe Fe Co Fe Fe -3.8192E6+7377*T-1291*TLn(T)-3.56*T2+1.224E-3*T3-2.6045E-7*
Al Fe Fe Fe Co Fe -3.8322E6+7377*T-1291*TLn(T)-3.56*T2+1.224E-3*T3-2.6045E-7*
Al Co Co Fe Fe Fe -3.9440E6+7364*T-1291*TLn(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Co Fe Co Fe Fe -3.9582E6+7364*T-1291*TLn(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Co Fe Fe Co Fe -3.9662E6+7364*T-1291*TLn(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Fe Fe Fe Fe Co -3.8832E6+7364*T-1291*TLn(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Fe Co Co Fe Fe -3.9363E6+7364*T-1291*TLn(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Fe Co Fe Co Fe -3.9550E6+7364*T-1291*TLn(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Fe Fe Co Co Fe -3.9532E6+7364*T-1291*TLn(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Co Fe Fe Fe Co -4.0053E6+7376*T-1291*TLn(T)-3.56*T2+1.224E-3*T3-2.6045E-7*
Al Co Co Co Fe Fe -4.0054E6+7376*T-1291*TLn(T)-3.56*T2+1.224E-3*T3-2.6045E-7*
Al Fe Co Fe Fe Co -4.0073E6+7376*T-1291*TLn(T)-3.56*T2+1.224E-3*T3-2.6045E-7*
Al Co Co Fe Co Fe -4.0598E6+7376*T-1291*TLn(T)-3.56*T2+1.224E-3*T3-2.6045E-7*
Al Fe Fe Co Fe Co -4.0085E6+7376*T-1291*TLn(T)-3.56*T2+1.224E-3*T3-2.6045E-7*
Al Co Fe Co Co Fe -4.0744E6+7376*T-1291*TLN(T)-3.56*T2+1.224E-3*T3-2.6045E-7*
Al Fe Fe Fe Co Co -4.0153E6+7376*T-1291*TLn(T)-3.56*T2+1.224E-3*T3-2.6045E-7*
Al Fe Co Co Co Fe -4.0578E6+7376*T-1291*TLn(T)-3.56*T2+1.224E-3*T3-2.6045E-7*
Al Co Co Fe Fe Co -4.0980E6+7365*T-1290*TLN(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Co Fe Co Fe Co -4.1129E6+7365*T-1290*TLN(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Fe Co Co Fe Co -4.1149E6+7365*T-1290*TLN(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Co Fe Fe Co Co -4.1178E6+7365*T-1290*TLn(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Co Co Co Co Fe -4.1474E6+7365*T-1290*TLn(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Fe Co Fe Co Co -4.1204E6+7365*T-1290*TLN(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Fe Fe Co Co Co -4.1192E6+7365*T-1290*TLN(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Co Co Co Fe Co -4.1896E6+7362*T-1291*TLn(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Co Co Fe Co Co -4.1963E6+7362*T-1291*TLn(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Co Fe Co Co Co -4.2079E6+7362*T-1291*TLn(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
Al Fe Co Co Co Co -4.2111E6+7362*T-1291*TLn(T)-3.54*T2+1.224E-3*T3-2.6045E-7*
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Figure 18: Rietveld refinement of AksFes (sample #1). Experimental (red) and calculated (blue) patterns arshown. The
proportion quantification of each phase is shown in green.
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Figure 19: Rietveld refinement of AksFev«Ca(x= 2/ 3) (sample #2). Experimental (red) and calculated (blue) paérns are
shown. The proportion quantification of each phase is shown in grey.
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Figure 20: Rietveld refinement of AksFev«Ca (x= 4/ 3) (sample #3). Experimental (red) and calculated (blue) paerns are
shown. The proportion quantification of each phase is shown in green.
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Figure 21: Rietveld refinement of AlsFev«Ca (x= 6/ 3) (sample #4). Experimental (red) and calculated (blue) paerns are
shown. The proportion quantification of each phase is shown in green.
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Figure 22: Rietveld refinement of AksFev«Ca(x = 8/ 3) (sample #5). Experimental (red) and calculated (blue) paérns are
shown. The proportion quantification of each phase is shown in green.

Figure 23: Rietveld refinement of AlsFey«Ca (x = 10/ 3) (sample #6). Experimental (red) and calculated (blue) patts
are shown. The proportion quantification of each phase is shown in green.
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Figure 24: Rietveld refinement of AksCa (sample #7). Experimental (red) and calculated (blue) patterns arshown. The
proportion quantification of each phase is shown in grey.
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