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A comprehensive study on the thermodynamics of the Al13Fe4 solid
solution in the Al-Fe-Mn ternary system.

Paul Lafayea,∗, Kentaro Oishia, J-P Harveya

aCRCT- Polytechnique Montréal, Chem. Eng., Box 6079, Station Downtown, Montréal, Qc, Canada, H3C 3A7

Abstract

This paper presents investigations on the thermodynamic stability of the Al13Fe4 solid solution in

the Al-Fe-Mn ternary system as well as its crystal chemistry characterisation. In order to carry out

this study, the isobaric heat capacity of the solution was measured at high temperature using a high

precision three-dimensional probe. The heat capacity of the Al13Fe4 binary compound measured

in this study between 600 K and 1223 K is CP (T ) = 23.97 + 8.18.10−2T − 7.63.105T 2. This value

is significantly different from other measurements reported in the literature. We show in this paper

that our measurements are more accurate than those available in the literature thanks to the use of

a more precise sensor (3D-Cp sensor versus planar DSC sensor). As a result, our measurements are

more thermodynamically consistent with the enthalpy of formation values of the Al13Fe4 compound

available in the literature, as well as with our own enthalpy of formation measurement performed

independently of the heat capacity measurement presented in this paper. Measurements of the

enthalpy of formation of the solid solution were also performed by in − situ synthesis in a DSC.

These new measurements were complemented by DFT calculations of the enthalpy of formation at

0 K of the solid solution. Our calculations and measurements show that the substitution of Fe by

Mn is responsible for a large increase in the solid solution enthalpy of formation. These new exper-

imental and calculated data were used to develop a thermodynamic model of the solution. Finally,

we utilized our model to calculate the Fe site occupation factors (sof) of the solid solution structure

over its entire chemical composition range (simulating the complete substitution of all Fe atoms

with Mn) as a function of temperature. The chemical ordering of the solid solution was thus quanti-

fied, revealing its ideal nature near its melting temperature. These results allowed the development

of a new SL-model for the solution, both simpler and more reliable than those used in the literature.

∗Corresponding author, email address: paul.lafaye@polymtl.ca
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1. Introduction

Ternary solid solutions of the Al13Fe4 compound (space group C2/m) have recently received

renewed interest from the scientific community [1, 2, 3, 4]. These solutions have been found to play a

key role in the fine tuning of both mechanical and corrosion resistance properties of aluminium alloys

over unusually high temperature ranges [4, 5, 6, 7, 8]. Moreover, the addition of certain elements

to the Al13Fe4 compound such as Pt has led to the development of new environmentally friendly

catalysts for hydrogenation reactions [9]. From a more fundamental point of view, the Al13Fe4

structure has been particularly studied by crystallographers as an approximant of quasicrystals

[10, 11]. At last, let us note that solid solutions of Al13Fe4 compound are common by-products of

the synthesis of Al-based magnetocaloric materials [12, 13].

Al13Fe4-based solid solutions can originate from the substitution of Fe atoms (by Co [4, 14], Cr

[4, 15], Ni [4, 16, 17], Pt [9, 18]) or the substitution of Al atoms (by Ta [19], Ti [20], Si [3], Zn

[21]). As mentioned in our previous paper dedicated to the Al13Fe4-based solid solutions [22], the

solutions resulting from the substitution of Fe atom exhibit generally, but not always, a wider

homogeneity range than those resulting from Al atom substitution, with in particular the case of a

complete solid solution in the Al-Fe-Co ternary system.

In the Al-Fe-Mn ternary system, the Al13Fe4 solid solution is stable over a wide homogeneity range

[23]. The solid solution presents a homogeneity range extending along the Al13Fe4-Al13Mn4 iso-

composition line, suggesting a prevalent substitution of Mn on the Fe sites. At a temperature of

1293 K, the maximum Mn content in the solution is 9.5 at.% which corresponds to about 40% of the

Fe atoms substituted by Mn. Despite this relatively large homogeneity range, site occupancy data

are not available for the Al13Fe4 solid solution in the Al-Fe-Mn system but are essential to design

a reliable thermodynamic model for the solid solution. Indeed, the thermodynamic modelling of

solid solutions is based on the well-known sublattice (SL) model implemented in the compound

energy formalism (CEF) [24]. In this formalism, the design of a SL should result from the merging

of crystal sites exhibiting comparable occupancies [25]. However, the SL models for this solution

available in the literature have been built mainly on practical considerations [26] or have been based

on crystal data whose reliability is questioned [27] as discussed in our previous study. Finally, it

should be noted that the use of an inappropriate SL model leads inexorably to a misdescription
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of the configurational entropy of mixing. It could be argued that this erroneous description can

be compensated for by the use of an excess entropy term but since the latter is independent of

temperature, it will only be possible to compensate for the use of an inadequate SL model at one

temperature.

This paper proposes to investigate the thermodynamic stability of the Al13Fe4 solid solution

upon substitution by Mn atoms. For this purpose, the isobaric heat capacity of the solution was

measured at three different compositions from 600 K up to a temperature close to the melting

temperature of the solution, with an accuracy of 95%. One of these compositions corresponds to

the Al13Fe4 binary compound whose measured heat capacity is significantly different from other

measurements available in the literature [28, 29, 30]. We show in this paper that our measurements

are not only more accurate than those available in the literature but also in much better agreement

with the calculations [2, 31, 32, 33] and measurements [34, 35] of the enthalpy of formation of the

Al13Fe4 intermetallic compound available in the literature and obtained in this work. In addition,

the enthalpies of formation of 8 ternary alloys with two different chemical compositions were mea-

sured by differential scanning calorimetry (DSC). New ab− initio calculations of the enthalpies of

formation at 0 K of the solid solution were also performed in this work. These calculations and

measurements were complemented by a configurational entropy model based on the Bragg-Williams

approximation [24] to forecast the thermodynamic behaviour of the solid solution with respect to

both temperature and chemical composition. Note also that the site occupation factors (sof) of

the structure were calculated to evaluate the ordering of the solution as a function of temperature.

These last calculations allow us to determine if the new SL model we developed for the Al13Fe4

based solid solutions [22] is transferable to the Al-Fe-Mn ternary system.

2. Methodology

2.1. In-situ synthesis - DSC measurements

The alloys we synthesized were obtained from a mixture of pure element powders (from AEE

(3N purity)) placed in a capped alumina crucible mounted on the type-S DSC plate rod of the

Setaram Labsys-Evo. The compositions of the alloys were chosen to be consistent with those of the

first two end-members i.e. x = 2/3 and 4/3 in Al13Fe4−xMnx. A heating rate of 5 K/min was used
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for the synthesis. The calibration of our equipment follows the standard methods recommended in

the literature [36, 37, 38]. This measurement methodology has been described in detail in one of our

previous studies [22] and the interested reader is referred to it. The samples were also analysed by

X-ray diffraction (XRD) using a Empyrean 3 diffractometer developped by Malvern PanAlytical.

The composition of the alloys we synthesized as well as the result of the XRD characterisation are

summarised in Table 2.

2.2. Cp measurements

Isobaric heat capacity measurements were conducted on three samples synthesized in−situ with

different chemical compositions: the Al13Fe4 composition as well as the two chemical compositions

detailed in section 2.1. The samples were crushed into powder in an agate crucible. A mass of

410 mg ± 20 mg of powder was packed into a capped alumina liner and enclosed in a platinum

crucible. The crucible is then loaded onto the 3D-Cp sensor (pseudo Tian-Calvet sensor) of a Se-

taram Labsys Evo instrument. The atmosphere control procedure is similar to the one used for

the in− situ synthesis. The heat capacity measurement was performed in continuous mode, from

473 K to a temperature close to the melting point of the synthesised alloys (1223 K, 1150 K and

1110 K for x = 0, x = 2/3 and x = 4/3 in Al13Fe4−xMnx, respectively), with a heating rate of 5

K/min. Calibration of the 3D-Cp sensor was performed using a standard sapphire sample supplied

by Setaram. This sample is in the form of a solid cylinder machined to fit the dimensions of the

alumina liner. The sapphire sample is placed in the alumina liner, which in turn is placed in the

platinum crucible, closed by the lids. Calibration is carried out to measure the sensitivity of the

sensor continuously over the entire temperature range. For each alloy composition, this procedure

was repeated three times and the data sets from these measurements were averaged. The maximum

deviation between the three individual data sets did not exceed 5%. The average heat capacity was

then fitted by a Maier-Kelley function [39]. It is important to note that the relative difference

between the raw heat capacity values and the fitted values does not exceed 3%. This procedure

was validated by the heat capacity measurements of two reference samples, aluminium powder of

3N purity (measured up to 900 K), and a solid alumina sample (measured up to 1350 K). Each

individual measurement of the heat capacity of these reference samples allowed us to ensure that

an accuracy higher than 95% can be achieved above 600 K. Based on these results, we believe that

the nature of the samples (powder or solid) has only a marginal impact on the accuracy of the
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measurement when using a 3D-Cp probe. These measurements are reported in Appendix.

2.3. DFT calculations

DFT calculations were conducted in the generalized gradient approximation (GGA) framework

by means of the Perdew-Burke-Ernzerhof (PBE) exchange-correlation function [40] implemented in

the VASP code [41, 42]. We used a 6 x 11 x 7 k-points grid. Projector augmented wave (PAW)

pseudopotentials were applied with a cut-off energy of 600 eV. We selected potentials with 3, 8 and

13 valence electrons for Al, Fe and Mn respectively. In order to take into account the magnetic

nature of Fe, our calculations were carried out in spin polarisation. Both lattice parameters and

atomic positions were relaxed until the Hellman-Feynman forces were lower than 1 meV/Å. Finally,

Blöchl corrections were applied in order to obtain very accurate total energy values [43]. The

distribution of Mn atoms on the five non-equivalent Fe sites generates 32 end-members for which

the total energies have been determined. The coordinates of the crystal sites of the Al13Fe4 structure

are summarised in Table 1.

The enthalpy of formation of an ordered compound is determined by the difference between

its total energy and the sum of the pure element energies that compose the compound, in their

respective standard state (Al-fcc, Fe-bcc, Mn-A12).

The enthalpy of mixing is equal to the difference between the calculated formation enthalpy of

the Al13Fe4−xMnx solid solution end-members (x ̸= 0, 4) to the composition-weighted formation

enthalpies of reference compounds (i.e. Al13Fe4 and Al13Mn4 compounds).

2.4. Thermodynamic modelling to compute site occupancy factors

The site occupancies were calculated using the Bragg-Williams approximation [24] (i.e. ne-

glecting the non-configurational entropy contributions). Considering the solid solution along the

Al13Fe4-Al13Mn4 isocomposition line and considering the five Fe sites separately, the Gibbs free

energy is given by:

GAl13(Fe,Mn)4(T ) =
∑

a,b,c,d,e=Fe,Mn

[
ySL1
a ySL2

b ySL3
c ySL4

d ySL5
e

]
·HAl13(Fe,Mn)4

abcde +RT
∑
s

m(s)·
∑

a=Fe,Mn

y(s)a ln y(s)a

(1)
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ySLa

b is the sof of the element b on the a-th SL, Hfor,Al13Mn4

abcde is the enthalpy of formation of

the considered end−member, R is the gas constant, mSLa is the a-th SL multiplicity.

3. Results and Discussion

3.1. Experimental investigations

Figure 1 shows the DSC signals of the Al13Fe4−xMnx alloys synthesis for different values of

x. The DSC signal consists of a single, particularly sharp, exothermic peak that stands out from

the baseline. For the two alloys synthesised in this study, this exothermic peak extends over 12

K ± 1 K from 918 K ± 1 K, the onset of the peak is obtained at 920 K ± 1 K. No additional

peaks are evidenced on the DSC signals which shows that no other reaction occurs apart from the

one associated to this exothermic peak. The XRD characterisations carried out following these

experiments show that our samples exhibit the crystal structure of the Al13Fe4 binary compound

as reported in Fig. 2 and Fig. 3. The exothermic peak identified in the DSC measurements

therefore corresponds to the solid solution synthesis reaction. It should be noted that the synthesis

reaction of the solid solution from its pure elements is almost complete (greater than 97 wt%) as

shown in Table 2, Fig. 2 and Fig. 3. For all the alloys synthesised in this study, the remaining

mass corresponds to aluminium. From these experiments, the enthalpy of formation of the solid

solution was determined by integrating the DSC exothermic peak between 910 K and 930 K. Note

that we have subtracted the remaining mass of pure aluminium in our samples for the calculation

of the formation enthalpy. The resulting formation enthalpy values are reported in Table 3 and

Fig. 4. Although our measurements were not carried out under strictly isothermal conditions, it is

important to note that the variation in formation enthalpy of the solid solution between 910 K and

930 K is negligible. Indeed, for a given composition, this variation corresponds to the deviation

between the integral of the Neumann-Kopp rule (NKR) heat capacity [44] and the integral of the

solid solution heat capacity. Based on the heat capacities measured in this study, the resulting

variations in formation enthalpy are 40.3 J.mol-at −1 and 37.6 J.mol-at −1 for x = 2/3 and x =

4/3 in Al13Fe4−xMnx, respectively, i.e. close to 0.1% of the formation enthalpy values we obtained.

Finally, it should be noted that the measurements carried out in this study were repeated four

times, leading to formation enthalpy values very close to each other, as shown in Table 3. These

measurements indicate that the substitution of Fe by Mn in the solid solution is associated with
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a pronounced increase in the enthalpy of formation values. Note that our DFT calculations also

show that the enthalpy of formation of the solid solution increases significantly upon substitution

of Fe by Mn.

This same measurement methodology was presented in one of our previous study [22] and allowed

us to obtain very accurate formation enthalpy values for the Al13Fe4 binary compound i.e. -26.8

kJ.mol-at −1 vs -27.9 kJ.mol-at −1 [34] and -26.2 kJ.mol-at −1 [35]. Moreover, the measurements

carried out in this paper allow us to have a precise evaluation of their accuracy. Indeed, we can

notice that no stable end-member is found at composition x = 2/3 in Al13Fe4−xMnx. Consequently,

the variation of the solid solution formation enthalpy from x = 0 to x = 4/3 in Al13Fe4−xMnx is

linear. The linear regression of our measurements reported in Fig. 5 shows that the formation

enthalpy values we measured have a maximum deviation of 0.5 kJ.mol-at −1, which is consistent

with the deviation estimated in our previous study [22].

The heat capacity of the Al13Fe4 binary compound measured in this work is presented in Figure

7 and compared to the existing measurements in the literature and to the heat capacity derived of

the NKR.

It should be noted firstly that the initial heat capacity value we obtained at 600 K for the Al13Fe4

binary compound is in good agreement with the measurements of Illekova et al. [28], Zienert et al.

[29] and Rank et al. [30] as seen in Figure 7. On the other hand, the measurements of Zienert et al.

and Rank et al. show an inflection of the heat capacity from 600 K onwards, while our measurements

report on the contrary an almost linear increase, leading to significantly higher heat capacity values.

These discrepancies can be explained by the methodology of the measurement employed. Indeed,

the measurements available in the literature are based on standard planar DSC methods whereas it

is recommended to use three-dimensional calorimetry methods (known as the Tian-Calvet method)

in order to obtain accurate heat capacity measurements [45, 46]. In addition, Zienert et al. [29] and

Illekova et al. [28] used standard calibration methods [36, 37, 38] whereas the Tian-Calvet rods have

to be calibrated by Joule effect or with a sapphire standard which considerably reduces the error

associated with the conventional calibration of planar DSC rods [46]. Furthermore, it should be

noted that the calculations and measurements of enthalpy of formation available in the literature

[2, 31, 32, 33, 34, 35] suggest that the heat capacity of the Al13Fe4 binary compound is higher

than the one obtained with NKR since the enthalpy values increase between 0 K [2, 31, 32, 33, 22]
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and 920-930 K [34, 35, 22]. Although the heat capacity we measured is slightly lower than the

one obtained by NKR, our results still show a much better thermodynamic consistency with the

data sets available in the literature. For instance, the difference between the heat capacity of the

Al13Fe4 binary compound measured in the present work or obtained by NKR leads to a decrease

of the enthalpy of formation of 0.4 kJ.mol-at −1 between 600 K and 1323 K against a decrease of

1.6 kJ.mol-at −1 if we consider the heat capacity measured by Zienert et al. [29] or Rank et al.

[30]. Consequently, our measurements and calculations of the enthalpy of formation [22] and the

heat capacity of the Al13Fe4 compound allow a coherent description of the energetics of this phase

considering the standard errors linked to the DFT calculations of formation enthalpy using the PBE

exchange-correlation functional (around 10% of relative error [47, 48]), to the measurement of the

enthalpy of formation (5% of relative error [22]) and to the measurement of the heat capacity (5%

of relative error).

The heat capacity of the Al13Fe4−xMnx solid solution is plotted at different composition in Figure

8. This figure illustrates that the substitution of Fe by Mn in the Al13Fe4 structure only has a lim-

ited incidence on the heat capacity of the solid solution. Indeed, the maximum difference between

the heat capacity of the Al13Fe4 binary compound and the solid solution composition x = 4/3 in

Al13Fe4−xMnx is less than 1 J.K−1.mol-at −1.

3.2. DFT calculations

In Table 4 are listed the composition of the ordered configurations generated for the solid solution

Al13(Fe,Mn)4 as well as the calculated values of their enthalpies of formation. The formation

enthalpy value we obtained for the Al13Fe4 binary compound (-31.335 kJ.mol-at −1) is relatively

close to those available in the literature [2, 31, 32, 33], ranging from -33.481 kJ.mol-at −1 to -30.876

kJ.mol-at −1. It should be noted that our calculations performed in spin polarisation showed that

the Al13Fe4 phase is non-magnetic, in good agreement with the literature data [2]. Indeed, Fang

et al. have shown that only an increase in Fe content (by substituting Al with Fe) allows the

emergence of a ferromagnetic or antiferromagnetic ordering. Thus, our calculations are in good

agreement with the investigations of Fang et al. since all the end-members of the Al13(Fe,Mn)4

phase are non-magnetic. To our knowledge, no other thermodynamic parameters of any end-

member we studied in this paper have been published in the literature. The formation enthalpy

of the solid solution end-members are summarised in Fig. 4. This figure clearly illustrates the
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strong thermodynamic destabilisation that occurs within the solid solution when Fe is replaced by

Mn. Furthermore, these results can be compared to our DSC measurements carried out at 920 K

showing that the thermodynamic destabilisation of the solid solution induced by Mn substitution

is also observed at higher temperatures as reported in Fig. 4.

The DFT calculations presented in the Table 4 were also used considering the Al13Fe4 and Al13Mn4

binary compounds as reference states in order to deduce the 0 K enthalpy of mixing of the solution

as plotted in Fig. 6. In this figure, the distribution of Mn atoms on the Fe sites appears to be

chemically ordered. The sequence of Mn substitution when changing composition from Al13Fe4 to

Al13Mn4 is the following: site Fe(5), site Fe(3), site Fe(4), site Fe(2) and site Fe(1) (site notation is

taken from [49]). Pang et. al [4] also indicated that Mn more favorably occupies site Fe(5) thanks to

calculations simulating single-atom substitution. Our study, on the other hand, employs a method-

ology that allows the examination of all chemical compositions. Note that the enthalpy of mixing

of the solid solution shown in Fig. 6 is only weakly exothermic (minimum of mixing enthalpy close

to -0.6 kJ/mol) reflecting its weak ordering.

3.3. Thermodynamic modelling and site occupancy factors calculations

The thermodynamic modelling of the solid solution was achieved considering the enthalpies of

formation calculated and measured in this study, the formation enthalpy of the Al13Fe4 binary

compound measured at 920 K in our previous study as well as measurements available in the

literature [34, 35].

The thermodynamic assessment of the Al13(Fe,Mn)4 solid solution was performed using the Cal-

phad approach. In a first step, the enthalpies of formation of the end-members of the solid solution

were fixed to the values we calculated by DFT. The heat capacity of the end-members of the solid

solution were initially set to the values we measured. Since our measurements showed that the

heat capacity value of the solid solution does not change significantly with chemical composition,

all end-members of the solid solution were described with the heat capacity of the Al13Fe4 binary

compound. In a second step, the thermodynamic parameters of the end-members were optimised

taking into account the enthalpies of formation that we measured in this study. No interaction pa-

rameters were used to model this solid solution. The Gibbs energy functions we evaluated represent

the best compromise between all the measurements and calculations we performed in this study. All

the data considered for this optimisation are accurately modelled (relative deviation less than the
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error bars of measurements and calculations). The Gibbs free energy function of each end-member

is summarised in the table 5. This thermodynamic modelling was then used to calculate the Fe sof

of the solid solution structure.

The Fe sof calculated at 300 K are plotted in Fig. 9. This figure highlights that the Fe sites are

not equivalent at this temperature since the sof values are very different from each other, except

for the sites Fe(3) and Fe(4). The chemical ordering of the solution thus consists in the preferential

substitution of Mn on site Fe(5), followed by sites Fe(3), Fe(4), Fe(2), Fe(1), which is consistent

with our ab − initio calculations. Furthermore, by restricting the investigation of the solid solu-

tion crystal chemistry to its homogeneity range (indicated in blue in Fig. 9), it can be assumed

that both sites Fe(2) and Fe(1) are similar with respect to Mn substitution. The Fe sof were also

calculated at 920 K in Fig. 10 as well as 1173 K in Fig. 11, temperature for which the stability

range of the solid solution is particularly wide [23]. From these two figures, it appears that Mn site

occupancies tend towards ideal values for all Fe sites as the temperature increases i e. sof close to

the mole fraction. The Fe sof of the solid solution allows us to calculate its configurational entropy

as presented in Fig. 12: While a partial ordering can be noticed at 300 K, the solution is almost

ideally disordered at 920 K and 1173 K.

4. Conclusion

In this paper, the thermodynamic stability of the Al13Fe4 solid solution was investigated along

with its crystal chemistry in the entire chemical composition range of the Al-Fe-Mn ternary system

i.e. mimicking the complete substitution of Fe atoms by Mn, and from room temperature up to the

melting temperature of the solid solution.

To do so, the enthalpy of formation of the end-members of the solution were calculated by DFT

at 0 K. In addition, the enthalpy of formation of the solid solution has been measured by in-situ

synthesis in a DSC. Our calculations and experiments show that the substitution of Mn on the Fe

sites leads to a thermodynamic destabilisation of the solid solution. Moroever, the isobaric heat

capacity of the solid solution was measured from 600 K up to the melting temperature of the solid

solution, with an accuracy of 95%. Note that the heat capacity measurement performed on the

Al13Fe4 binary compound is both more accurate than those available in the literature but also in
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better agreement with other thermodynamic data available for this phase. By combining these new

data with a configurational entropy model based on the Bragg-Williams approximation [24], we

calculated the Fe sof of the Al13Fe4 structure, in the whole chemical composition and temperature

range of stability.

Our calculations show that the solid solution is chemically ordered at low temperature (below 300

K). In contrast, above 920 K, the quasi ideal configurational entropy of mixing is responsible for

the stability of the solution. Thus, the sublattice model we designed for the Al13Fe4 solid so-

lutions in the Al-Fe-Co, Al-Fe-Cr and Al-Fe-Ni ternary systems [22] is ideally suited to describe

the solid solution in the Al-Fe-Mn ternary system. This model relies on two sublattices (one sub-

lattice relative to the Fe sites, the second sublattice merging all the Al sites) with mixing on each SL.
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[45] E. Calvet, H. Prat, Récents progrès en microcalorimétrie, volume 6, Dunod, 1958.

[46] C. N. de Castro, M. Lourenço, M. Sampaio, Thermochimica Acta 347 (2000) 85–91.

[47] K. Lejaeghere, V. Van Speybroeck, G. Van Oost, S. Cottenier, Critical reviews in solid state

and materials sciences 39 (2014) 1–24.

[48] S. Lany, Physical Review B 78 (2008) 245207.

[49] J. Grin, U. Burkhardt, M. Ellner, K. Peters, Zeitschrift für Kristallographie-Crystalline Mate-

rials 209 (1994) 479–487.

15



6. Table caption
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Table 1: Crystal structure of the Al13Fe4 phase according to Grin et al. [49].

Site
Wyckoff
position

x y z

Fe(1) 4i 0.0851 0 0.3821
Fe(2) 4i 0.4018 0 0.6234
Fe(3) 4i 0.0906 0 0.9889
Fe(4) 4i 0.4031 0 0.9859
Fe(5) 8j 0.3195 0.2938 0.2777
Al(1) 4i 0.0649 0 0.1743
Al(2) 4i 0.3232 0 0.2819
Al(3) 4i 0.2377 0 0.5349
Al(4) 4i 0.0736 0 0.5803
Al(5) 4i 0.2406 0 0.9608
Al(6) 4i 0.4792 0 0.8288
Al(7) 2d 0.5 0 0.5
Al(8) 4i 0.3057 0 0.7728
Al(9) 4i 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) 4g 0 0.2496 0

Table 2: Chemical composition of the synthesized alloys and XRD analysis.

Sample
Chemical

composition
Space
group

Synthesis
wt.%

Lattice parameters
Å and ◦

x (in Al13Fe4−xMnx) a b c β
1 2/3 C2/m 97.2 15.5448(6) 8.0578(1) 12.4763(2) 107.6952(3)
2 4/3 C2/m 98.1 15.6227(7) 8.0297(4) 12.4874(3) 107.6640(1)

Table 3: DSC measured enthalpies of formation (∆Hf ) of the Al13(Fe,Mn)4 solid solution. Reference Al
(fcc), Fe (bcc) and Mn (A12).

Composition ∆Hf Ref.
x (in Al13Fe4−xMnx) kJ.mol-at −1

measure 1 measure 2 measure 3 measure 4 Average
2/3 -23.38 -24.64 -23.58 -24.57 -24.04 This work
4/3 -22.72 -22.65 -22.67 -23.01 -22.76 This work
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Table 4: DFT calculated total energy (Etot) and enthalpy of formation (∆Hf ) of the Al13(Fe,Mn)4 solid
solution end-members. Sites notation are taken from [49]. Reference Al (fcc), Fe (bcc) and Mn (A12).

Site
multiplicity

Etot

eV
∆Hf

kJ.mol-at −1

Fe(1) Fe(2) Fe(3) Fe(4) Fe(5)
4 4 4 4 8
Fe Fe Fe Fe Fe -523.519 -31.335
Mn Mn Mn Mn Mn -531.091 -21.849
Mn Fe Fe Fe Fe -524.422 -29.409
Fe Mn Fe Fe Fe -524.545 -29.526
Fe Fe Mn Fe Fe -524.878 -29.841
Fe Fe Fe Mn Fe -524.748 -29.718
Mn Mn Fe Fe Fe -525.442 -27.611
Mn Fe Mn Fe Fe -525.668 -27.824
Mn Fe Fe Mn Fe -525.772 -27.923
Fe Fe Fe Fe Mn -526.605 -28.711
Fe Mn Mn Fe Fe -526.010 -28.148
Fe Mn Fe Mn Fe -525.729 -27.882
Fe Fe Mn Mn Fe -526.225 -28.352
Mn Fe Fe Fe Mn -527.366 -26.650
Mn Mn Mn Fe Fe -526.807 -26.121
Fe Mn Fe Fe Mn -527.639 -26.909
Mn Mn Fe Mn Fe -526.738 -26.056
Fe Fe Mn Fe Mn -527.822 -27.082
Mn Fe Mn Mn Fe -527.066 -26.366
Fe Fe Fe Mn Mn -527.788 -27.050
Fe Mn Mn Mn Fe -527.222 -26.514
Mn Mn Fe Fe Mn -528.564 -25.003
Mn Fe Mn Fe Mn -528.520 -24.961
Fe Mn Mn Fe Mn -528.939 -25.357
Mn Fe Fe Mn Mn -528.655 -25.089
Mn Mn Mn Mn Fe -528.134 -24.597
Fe Mn Fe Mn Mn -528.748 -25.177
Fe Fe Mn Mn Mn -529.041 -25.455
Mn Mn Mn Fe Mn -529.799 -23.407
Mn Mn Fe Mn Mn -529.791 -23.400
Mn Fe Mn Mn Mn -529.876 -23.480
Fe Mn Mn Mn Mn -530.074 -23.668
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7. Figure caption
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Figure 1: DSC signal resulting from the synthesis of the Al13Fe4−xMnx alloys (x = 2/3 and 4/3).
Reference Al (fcc), Fe (bcc) and Mn (A12).
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Figure 2: Rietveld refinement of the Al13Fe4−xMnx alloys (x = 2/3). Experimental pattern is shown in
blue. The evaluation of phase proportion is shown in grey and pink.

Figure 3: Rietveld refinement of the Al13Fe4−xMnx alloys (x = 4/3). Experimental pattern is shown in
blue. The evaluation of phase proportion is shown in grey and pink.
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 DHfor at 0 K (DFT) [This work]
 DHfor at 920 K (DSC) [This work]
 DHfor at 920 K (DSC) [lafaye2022]

Figure 4: Enthalpies of formation of the Al13Fe4−xMnx alloys (x = 0, 2/3 and 4/3) measured in this
framework and from a previous study [22] together with the enthalpies of formation of the solid solution
end-members calculated at 0 K by DFT. Reference Al (fcc), Fe (bcc) and Mn (A12). The ternary extension
of the solid solution is shaded in blue [23].
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Figure 5: Linear regression of DSC measurements carried out at 920 K in this study or from our previous
work [22]. Reference Al (fcc), Fe (bcc) and Mn (A12).
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Figure 6: Calculated enthalpy of mixing of the Al13(Fe,Mn)4 solid solution at 0 K. The ground− state
configurations are reported (sites notation is taken from [49]). Reference Al13Fe4 and Al13Mn4 intermetallic
compounds. The ternary extension of the solid solution is shaded in blue [23].
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  Al13Fe4 - This work - raw data
  Al13Fe4 - This work - Maier-Kelley fit
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Figure 7: Isobaric heat capacity of the Al13Fe4 binary compound measured in the present work compared
to the isobaric heat capacity derived from the NKR and available in the literature [28, 29, 30].
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 Al13Fe4-xMnx (x=4/3) - This work - raw data
 Al13Fe4-xMnx (x=4/3) - This work - Maier-Kelley fit
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Figure 8: Isobaric heat capacity of the Al13(Fe,Mn)4 solid solution compared to isobaric heat capacity of
the Al13Fe4 binary compound derived from the NKR.
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Al13Fe4 x in Al13Fe4-xMnx Al13Mn4

Figure 9: Site occupancy factors computed at 300 K (sites notation is taken from [49]). The ternary
extension of the solid solution is shaded in blue [23].
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Al13Fe4 x in Al13Fe4-xMnx Al13Mn4

Figure 10: Site occupancy factors computed at 920 K (sites notation is taken from [49]). The ternary
extension of the solid solution is shaded in blue [23].
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Al13Fe4 x in Al13Fe4-xMnx Al13Mn4

Figure 11: Site occupancy factors computed at 1173 K (sites notation is taken from [49]). The ternary
extension of the solid solution is shaded in blue [23].
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Figure 12: Configurationnal entropy (Sconf ) calculated at 300 K, 920 K and 1173 K together with the
ideal configurationnal entropy of mixing ((Sideal)). The ternary extension of the solid solution is shaded in
blue [23].

30



8. Appendix

 Aluminium - This work - raw data - run2

 Aluminium - This work - Maier-Kelley fit - run2

 Takahashi, Thermochim. Acta 139 (1989) 133 137

 Pochapsky, Acta Metall. 1 (1953) 747 51

 D. C. Wallace, Thermodynamics of Crystals (1998)
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Figure 13: Heat capacity of 3N Aluminium powder measured in this work. The 5% error bars are shaded
in red for run 1 and in blue for run 2.
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 Al2O3 - This work - raw data - run 2
 Al2O3 - This work - Maier-Kelley fit - run 2
 Thermochemical data of pure substances 

         Third Edition -  Pr. Ihsan Barin, 12 October 1995
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Figure 14: Heat capacity of Al2O3 measured in this work. The 5% error bars are shaded in red for run
1 and in blue for run 2.
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