
Titre:
Title:

Thermodynamic evaluation and optimization of the As–Co, As–Fe 
and As–Fe–S systems

Auteurs:
Authors:

Oumaima Kidari, & Patrice Chartrand 

Date: 2023

Type: Article de revue / Article

Référence:
Citation:

Kidari, O., & Chartrand, P. (2023). Thermodynamic evaluation and optimization of 
the As–Co, As–Fe and As–Fe–S systems. CALPHAD: Computer Coupling of Phase 
Diagrams and Thermochemistry, 82, 15 pages. 
https://doi.org/10.1016/j.calphad.2023.102589

Document en libre accès dans PolyPublie
Open Access document in PolyPublie

URL de PolyPublie:
PolyPublie URL:

https://publications.polymtl.ca/54829/

Version:
Révisé par les pairs / Refereed 

Conditions d’utilisation:
Terms of Use:

Creative Commons Attribution 4.0 International (CC BY) 

Document publié chez l’éditeur officiel
Document issued by the official publisher

Titre de la revue:
Journal Title:

CALPHAD: Computer Coupling of Phase Diagrams and 
Thermochemistry (vol. 82) 

Maison d’édition:
Publisher:

Elsevier Ltd

URL officiel:
Official URL:

https://doi.org/10.1016/j.calphad.2023.102589

Mention légale:
Legal notice:

© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the 
CC BY license (http://creativecommons.org/licenses/by/4.0/). 

Ce fichier a été téléchargé à partir de PolyPublie, le dépôt institutionnel de Polytechnique Montréal
This file has been downloaded from PolyPublie, the institutional repository of Polytechnique Montréal

https://publications.polymtl.ca

https://publications.polymtl.ca/
https://doi.org/10.1016/j.calphad.2023.102589
https://publications.polymtl.ca/54829/
https://doi.org/10.1016/j.calphad.2023.102589


CALPHAD: Computer Coupling of Phase Diagrams and Thermochemistry 82 (2023) 102589

Available online 21 July 2023
0364-5916/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Thermodynamic evaluation and optimization of the As–Co, As–Fe and 
As–Fe–S systems 

Oumaima Kidari *, Patrice Chartrand 
Center for Research in Computational Thermochemistry (CRCT) - Polytechnique Montréal, Department of Chemical Engineering, Box 6079, Station Downtown, Montréal, 
Québec, H3C 3A7, Canada   
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A B S T R A C T   

A critical evaluation of all available phase diagram and thermodynamic data for the As–Co and As–Fe binary 
systems as well as the As–Fe–S ternary system has been performed and thermodynamic assessments over the 
whole composition ranges are presented using the CALPHAD method. To predict thermodynamic properties and 
phase equilibria for these systems, the Modified Quasichemical Model (MQM) for short range ordering was used 
for the liquid phases. The Compound Energy Formalism (CEF) was used for the solid solutions. Since Co and Fe 
are ferromagnetic, magnetic contributions were added to describe the Gibbs energy of cobalt and iron rich solid 
solutions. Important uncertainties remain for the liquidus of As-rich regions in the binary subsystems.   

1. Introduction 

Cobalt and iron are commonly found together in arsenic containing 
sulfide minerals. Cobalt is a transition metal with many desirable 
characteristics; it is a ferromagnetic element with unique valency and 
corrosion resistance over a wide temperature range. Its many properties 
make it valuable for various applications such as superalloys and ce
ramics manufacturing as well as lithium-ion batteries. It is also 
frequently used as a desulphurization catalyst of petroleum [1–5]. Co
balt is strongly siderophile and therefore often associated with iron 
minerals. Iron is a widely used transition metal due to its ferromagnetic 
ability, low cost and conductivity [6]. Both cobalt and iron are chalco
phile, and since arsenic is very common in sulphide mineralization, the 
processing of ores containing cobalt and iron minerals can cause major 
challenges [7]. In fact, arsenic is a very toxic element and sulfide ore 
processing can be a major source of arsenic contamination to the envi
ronment. Arsenopyrite (FeAsS) is a ubiquitous arsenic bearing sulfide 
mineral, primarily associated with sulfide minerals of mostly copper, 
silver, and gold [8,9]. Cobalt is found mainly in cobaltite (CoAsS) and it 
is usually produced as a by-product of processing various metals. The 
close ionic radius of cobalt and iron and other similarities in their 
physical properties make iron substitution by cobalt very common. So 
minerals like glaucodot ((Co, Fe) AsS) and skutterudite ((Co, Ni, Fe)As3) 
are widely found in various ores [1,2,10]. To find solutions to reduce 
toxic arsenic emissions caused by the treatment of complex 

concentrates, the development of thermodynamic models of compounds 
and mixtures and their associated databases for arsenic, cobalt, iron, and 
sulfur systems is advantageous for the sulfide smelting industry. In the 
present article, the available experimental data of the two binary sys
tems As–Co and As–Fe and the ternary system As–Fe–S is presented and 
critically evaluated. A set of model parameters is optimized for each 
phase to predict thermodynamic properties and phase equilibria for 
these systems using the CALPHAD approach. The Modified Qua
sichemical Model in the Pair Approximation developed by Pelton et al. 
[11,12] was used for the liquid phases, and the Compound Energy 
Formalism (CEF) introduced by Sundman and Ågren [13] was used for 
solid solutions. All calculations and optimizations in this work were 
performed with the FactSage™ thermochemical software [14–16]. The 
previous assessments of As–Fe system by Pei et al. [17] and Ohno and 
Yoh [18] are presented and discussed briefly. For the As–Fe–S ternary 
system, the work of Xing et al. [19] presenting thermodynamic models 
for some ternary solid solutions is also mentioned. The parameters 
suggested by the previous assessments of Fe–S system by Waldner and 
Pelton [20] and As–S system by Kidari and Chartrand [21] are added to 
the present work to evaluate the ternary As–Fe–S systems. 
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2. Literature review 

2.1. As–Co binary phase diagram 

The As–Co system has six intermediate compounds stable at ambient 
pressure: Co5As2, Co2As, Co3As2, CoAs, CoAs2 and CoAs3. The crystal 
structures of the phases are presented in Table 4. The arsenic rich side of 
the As–Co phase diagram has not been investigated. The experimental 
studies measuring phase diagram data for the cobalt rich side are pre
sented in Table 1. Details of these studies are discussed and reviewed in 
this section. 

2.1.1. Co − Co5As2 subsystem 
Solid solubility: The solubility of arsenic in cobalt is not negligible. A 

maximum solubility of 3 at. % As in Co at 1180 K was measured by 
Friedrich [22]. For the same temperature, Koster and Mulfinger [24] 
measured a higher maximum solubility of 5.6 at. % As in Co and esti
mated that the solubility decreases to at least to 4 at. % As with 
decreasing temperature. The measured value by Koster and Mulfinger 
[24] is in agreement with the measurements of the solidus curve by Hino 
and Azakami [26]. Eutectic: According to Friedrich [22], a eutectic re
action takes place at a temperature of 1189 K to form solid cobalt and 
Co5As2 at a composition around 26 at. % As. This is close to the eutectic 
temperature of 1193 K measured by Koster and Mulfinger (Koster & 
Mulfinger, 1938) for the same eutectic composition. Haschimoto [23] 
measured a higher eutectic temperature of 1270 K. Liquidus: The liq
uidus curve has been measured up to 25 at. % As by Friedrich [22], 
Koster and Mulfinger [24], Haschimoto [23] as well as Hino and Aza
kami [26]. The curve measured by Friedrich [22] is higher than that 
measured by Koster and Mulfinger [24] and slightly lower than the 
measurements made by Haschimoto [23] and Hino and Azakami [26]. 
Magnetism: The Curie temperature of pure fcc Co is lowered from 1396 
K to a fixed value of 1198 K in the two-phase region according to Koster 
and Mulfinger [24] and at a temperature of 1336 K according to 
Haschimoto [23]. 

2.1.2. Co5As2-CoAs subsystem 
The only measurements for this subsystem are made by Friedrich 

[22]. Also, thermal effects between 13 at. % to 37 at. % As were 
recorded, for temperatures between 521 K and 625 K. Since a consid
erable increase in volume occurred at the composition of Co2As, Frie
drich [22] suggested that the thermal effects were probably due to a 
polymorphic transformation of the compound. According to Hansen and 
Anderko [27], this assumption is doubtful. 

2.1.3. Non-stoichiometry of the intermediate phases 
The compounds Co5As2, Co2As, Co3As2 and CoAs are not stoichio

metric according to Kochner [25]. Based on his measurements of igni
tion temperatures, a curve was determined, and its evolution shows that 
when the solubility limit for a compound is reached, the curve evolves 
horizontally at a constant temperature and rises from the composition of 

the adjacent arsenide, showing a narrow homogeneity range. Kochner 
[25] therefore concluded the limits of the following solid solutions: from 
27.5 at. % to 30.1 at. % As for Co5As2, from 32.7 at. % to 35.8 at. % As 
for Co2As, from 39 at. % to 43% molar arsenic for Co3As2 and up to 47.6 
at. % As for CoAs. 

2.1.4. Co5As2 
Much uncertainty still surrounds the temperature range of the sta

bility of Co5As2 and if it exists in more than one structural form. At a 
temperature of 1101 K, the compound undergoes a polymorphic trans
formation according to Friedrich [22], but he observed no structural 
change. The compound is not congruent, and it decomposes by a peri
tectic reaction at 1196 K. According to Haschimoto [23], the poly
morphic transformation of the compound occurs at a temperature of 
1139 K, which is higher than the temperature measured by Friedrich 
[22]. According to the XRD experiments performed by Heyding and 
Calvert [28], if the compound Co5As2 exists, it is only stable at high 
temperatures, and it decomposes into Co2As and the fcc Co solid solu
tion above 1073 K. The DTA measurements by Ellner et al. [29] 
confirmed the existence of Co5As2 at high temperatures only, in a range 
of about 50◦. It decomposes at a temperature of 1140 K, 70◦ lower than 
the decomposition temperature of Ni5As2. According to measurements 
of Espeleta [30] performed by drop calorimetry between 800 K and 
1500 K, there is a polymorphic transformation of Co5As2 at a temper
ature of 1176 ± 3 K. The measured heat of transformation is 27.3 ± 2.5 
kJ/mol. Espeleta [30] measured a peritectic temperature of 1224 ± 3 K, 
and the calculated heat of fusion is 36.7 ± 0.9 kJ/mol. The existence of 
the compound Co5As2 is doubtful according to Elliott [31]. 

2.1.5. Co2As 
Nylund et al. [32] reported a rhombohedral structure for Co2As. 

Heyding and Calvert [28] showed the existence of Co2As at room tem
perature in a pseudo-hexagonal form, and after a slow polymorphic 
transition, a hexagonal form appears between 763 K and 793 K upon 
heating, and between 661 K and 675 K upon cooling. The XRD results of 
Kjekshus and Skaug [33] showed a transformation at 725 ± 5 K, which 
does not agree with the ranges suggested by Heyding and Calvert [28]. 
They also showed that Co2As is paramagnetic at temperatures above 60 
K. According to Friedrich [22], Co2As decomposes following a peritectic 
reaction at 1230 K. 

2.1.6. Co3As2 
At a temperature of 1182 K, Co3As2 undergoes a polymorphic 

transformation according to Friedrich [22]. Also, the compound is not 
congruent and decomposes by a peritectic reaction at a temperature of 
1287 K. This does not agree with the results of Heyding and Calvert [28], 
which show that Co3As2 is stable only at high temperatures, above 1213 
K. 

2.1.7. CoAs 
According to Friedrich [22], CoAs is congruent with a melting tem

perature around 1453 K. Heyding and Calvert [28] show that the 
compound exists at room temperature and undergoes a polymorphic 
transformation, between 1217 K and 1233 K. The transformation takes 
place at a higher temperature, of 1248 ± 20 K according to the XRD 
results obtained by Selte and Kjekshus [34], from an orthorhombic 
structure to a hexagonal structure. 

2.1.8. CoAs2 
CoAs2 is found as the minerals smaltine and safflorite with a 

monoclinic structure [35–37]. High temperature investigations by XRD, 
DTA and quenching experiments performed by Kjekshus and Rakke [38] 
showed a polymorphic transformation at a temperature of 870 K. Ac
cording to the thermal-scanning experiments of Siegrist and Hulliger 
[39], the transformation occurs at 800 ± 2 K upon heating and 797 ± 2 
K upon cooling. The corresponding transformation enthalpy is 800 

Table 1 
As–Co phase diagram data reported in the literature.  

References Experimental methods and results 

[22] TA: Determination of the phase diagram up to a composition of 48 at. 
% As. 

[23] TA, thermal expansion test and magnetic content analysis: 
Determination of the phase diagram up to a composition of 28.5 at. % 
As and determination of the magnetic transition. 

[24] TA: Determination of the phase diagram up to a composition of 25 at. 
% As. 

[25] Ignition analysis: Study of the oxidation kinetics and determination of 
the limits of solid solutions for Co5As2,Co2As,Co3As2 and CoAs.

[26] Quenching method combined with EPMA: Determination of the 
limits of the biphasic liquid + fcc cobalt region between 1273 K and 
1473 K.  
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J/mol. The melting point of this compound is still uncertain. 

2.1.9. CoAs3 
CoAs3 corresponds to the mineral skutterudite and it appears to exist 

in only one cubic form [40]. The melting point of this compound is still 
uncertain. 

2.2. Thermodynamic properties of As–Co binary system 

2.2.1. As − Co liquid 
Vaisburd and Remen [41] determined the activity of Co in As–Co 

melt by measuring the emf on concentration cells without transport. The 
measurements were performed at 1573 K over a composition range of 
35–50 at. % As. Hino and Azakami [26] also determined the activity of 
As in As–Co alloys using the isopiestic method. The measurements were 
performed at 1273 K and 1423 K over a composition range of 25–50 at. 
% As, with a conversion to liquid arsenic as the standard state. The 
measured activities show negative deviation from Raoult’s law. The 
activity data is presented in Fig. 4. 

2.2.2. As − Co compounds 
There is a lack of direct thermodynamic data measurements for 

compounds of the As–Co system. Niessen et al. [42] and Hisham and 
Benson [43] estimated the standard heats of formation of some of the 
compounds in this binary system but the estimated values seem unre
liable given the disagreement between their estimates and measured 
enthalpy values of other known compounds. Standard heats of forma
tion of some compounds were also listed in the thermodynamic tables by 
Naumov et al. [44], Wagman et al. [45], Kubaschewski et al. [46] and 
Smithells and Brandes [47]. The methods used to obtain these values 
have not been listed, apart from Kubaschewski et al. [46] who cited the 
work of Kochnev [48]. Kochnev [48] studied the thermal dissociation of 
Co5As2, Co2As, Co3As2, CoAs, Co2As3 and CoAs2 by determining the 
pressure of As4 by the molecular flow method at a certain temperature 
for each compound. It was assumed that arsenic vapors under these 
conditions obey the laws of ideal gases, and all thermodynamic 

equations derived for ideal gases were used to calculate the heats of 
formation. Kochnev [48] explains that his work is only approximative 
since the dissociation products were partially dissolved in the primary 
arsenide during the experiments and the total weight loss during several 
experiments was around 0.6%. The heat content of Co5As2 was deter
mined using drop calorimetry by Espeleta et al. [30] over a temperature 
range of 800 K–1500 K. Temperature coefficients of the heat content 
were then determined with a regression analysis method using the 
Shomate function, from which the heat capacity at high temperatures 
was derived. The standard enthalpy of formation value suggested for 
Co5As2 is − 435.7 ± 54.1 kJ/mol. This value is much more negative than 
the value of − 270.9 kJ/mol estimated by Klingbeil et al. [27] using the 
Miedema model which tends to overestimate the standard heats of for
mation. For CoAs2.92, Majzlan [49] recently determined a standard 
enthalpy of formation value of − 88.2 ± 6.1 kJ/mol using 
high-temperature oxide-melt solution calorimetry. Fig. 1 presents the 
standard enthalpies of formation reported in the literature for the 
compounds in the As–Co system including the DFT values reported in 
The Materials Project [50] and the Open Quantum Materials Database 
[51]. Majzlan [49] also measured the heat capacity of CoAs2.92 using 
relaxation calorimetry (PPMS) between 2 K and 303 K and using DSC 
between 280 K and 366 K. The measurements had to be stopped upon 
reaching 366 K because the data became unusually scattered. The DSC 
values were slightly higher than the PPMS values in the overlap region. 
The calculated heat capacity curves for the compounds in the As–Co 
system are presented in Fig. 2 and the standard entropies at 298.15 K are 
presented in Fig. 3. 

2.3. As–Fe binary phase diagram 

The As–Fe system has three stoichiometric intermediate compounds 
stable at ambient pressure: Fe2As, FeAs and FeAs2. The crystal structures 
of the phases are presented in Table 4. The Experiments of Friedrich and 
Borchers [52] and Sawamura et al. [53] also indicated the existence of a 
high temperature solid solution around a composition of Fe3As4. Just 
like for the As–Co system, measurements in the arsenic-rich side of the 

Fig. 1. Enthalpies of formation of intermediate compounds in a) As–Co system and b) As–Fe system.  

Fig. 2. Calculated heat capacity of compounds of the a) As–Co system, b) As–Fe system.  
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As–Fe system were difficult to obtain. The experimental studies 
measuring phase diagram data are presented in Table 2. Details of these 
studies are discussed and reviewed in this section. 

2.3.1. Fe − Fe2As subsystem 
Fe loop: The fcc form of iron becomes unstable and the bcc form 

becomes stable after arsenic additions. The solubility limit of arsenic in 
fcc iron is therefore limited by a closed loop according to Wever [64]. At 
1423 K, the saturated fcc iron solution contains approximately 2.8 at. % 
As as measured by Jones [55]. For the same temperature, the extrapo
lation by Sawamura et al. [57] showed a saturation composition of 1.65 
at. % As. The limits of the region Fe (fcc) + Fe (bcc) were measured by 
Svechnikov and Gridnev [56], between 1.1 and 1.9 at. % As at a tem
perature of 1273 K and between 1.8 and 2.5 at. % As at 1373 K. Solid 
solubility: Friedrich and Borchers [52] measured a maximum solid sol
ubility of 6 at. % As in bcc Fe at the eutectic temperature, Oberhoffer and 
Gallaschik [54] measured a maximum value of 5.1 at. % As and Sawa
mura et al. [57] measured a maximum value of 8.4 at. % As at the 
eutectic temperature. These three values were not obtained under 
equilibrium conditions according to Hansen and Anderko [27]. 
Svchnikov and Shurin [59], Predel and Fredel [62] and Bovzic and Lucic 
[65] measured a higher solid solubility around 10 at. % As at the eutectic 
temperature. Eutectic: Oberhoffer and Gallaschik [54] concluded that a 
peritectic reaction Liquid + Fe (bcc) ⇄ Fe (fcc) takes place at a tem
perature of 1713 K. This conclusion is not supported by convincing 
evidence according to Hansen and Anderko [27]. According to the 

experiments of Friedrich and Borchers [52], a eutectic reaction takes 
place between 1106 K and 1041 K to form Fe2As and the bcc Fe solid 
solution at a composition around 24.4 at. % As. This agrees with the 
eutectic temperature of 1100 K and the eutectic composition of 25.2 at. 
% As measured by Oberhoffer and Gallaschik [54]. A slightly higher 
eutectic temperature of 1113 K was measured by Sawamura et al. [57] 
with a eutectic composition of 24 at. % As. The eutectic temperature 
according to Bozic and Lucic is 1118 ± 5 K. Liquidus: Friedrich and 
Borchers [52] and Oberhoffer and Gallaschik [54] both measured the 
liquidus and they are in good agreement. Magnetism: Oberhoffer and 
Gallaschik [54] performed measurements to determine the magnetic 
transformation of iron containing less than 1.7 at. % As. According to 
their results, the magnetic transition in the Fe (bcc)-Fe2As region is 
constant at 1041 K upon heating. However, the temperature of the 
magnetic transformation decreases upon cooling and the difference is 
about 60◦. The magnetic transformation temperature during heating by 
Oberhoffer and Gallaschik [54] agrees with the results obtained by 
Sawamura et al. [58] who measured the same temperature during 
heating and cooling; constant at 1041 K up to a composition of 3 at. % 
As. The temperature then gradually decreases until it reaches 1003 K C 
at 7.65 at. % As. 

2.3.2. Fe2As-FeAs subsystem 
Friedrich and Borchers [52] and Sawamura et al. [58] also measured 

phase diagram data from Fe2As to FeAs compositions. Based on their 
measurements, Friedrich and Borchers [52] suggested the formation of a 
high temperature solid solution with a composition around Fe3As2. The 
solid solution decomposes at a temperature of 1073 K. However, the 
XRD and the microscopic investigation by Hagg [66] failed to find the 
Fe3As2 solid solution while Hagg [67] confirms that it does not exist at 
temperatures lower than 1068 K. According to the experiments of 
Sawamura et al. [58], a solid solution identified as ε exists, but it could 
not be confirmed whether it corresponds to Fe3As2. The ε phase forms by 
a peritectic reaction (Liquid + FeAs ⇌ ε) at a temperature of 1275 K at 
42.1 at. % As. The phase decomposes by a eutectoid reaction (ε ⇌ Fe2As 
+ FeAs) at a temperature of 1097 K at. 40 at. % As. Alloys quenched 
from temperatures above 1073 K by Heyding and & Calvert [28] did not 
indicate the presence of the Fe3As2 phase. Also, according to the PXRD 
experiments by Seitkan et al. [68], there is no evidence of the presence of 
the Fe3As2 phase at temperatures between 1068 K and 1122 K. 

2.3.3. FeAs-FeAs2 subsystem 
Clark [61] performed a single measurement for this subsystem at a 

composition of 58 at. % As, corresponding to the eutectic temperature of 
1281 ± 5 K. 

2.3.4. FeAs2-As subsystem 
According to Clark [61], the eutectic composition is greater than 

93.5 at. % As and the eutectic temperature around 1073 ± 10 K. The 
solubility of Fe in As was estimated at 99.93 at. % As at the eutectic 
temperature. 

Fig. 3. Standard entropies of the intermediate compounds in a) As–Co, b) As–Fe systems.  

Table 2 
As–Fe phase diagram data reported in the literature.  

References Experimental methods and results 

[52] TA and metallography: Determination of the phase diagram between 
the compositions of 6 at. % and 49 at. % As. 

[54] TA, metallography, and magnetic content analysis: Determination 
of the phase diagram up to a composition of 32 at. % As and 
determination of the magnetic transition. 

[55] Diffusion measurement of arsenic in iron: Determination of the 
saturation composition of iron (fcc) at 1423 K. 

[56] Dilatometric, metallography and XRD: Determination of the limits 
of the iron (fcc) saturation loop. 

[57] TA and metallography: Suggestion of the solubility of arsenic in iron 
(fcc) based on extrapolations from measurements made on alloys of 
iron and arsenic containing low concentrations of carbon. 

[53] DTA: Determination of the phase diagram between the compositions of 
40 at. % and 57 at. % As. 

[58] Magnetic content analysis: Determination of the magnetic transition. 
[59] TA, metallography and XRD: Determination of the limits of the iron 

(fcc) saturation loop. 
[60] Microhardness, metallography and XRD: Determination of the solid 

solubility of arsenic in iron (bcc). 
[61] TA: Determination of phase diagram data for two alloys at 

compositions of 58 at. % and 70 at. % As. 
[62] DTA: Determination of the solid solubility of arsenic in iron (bcc). 
[63] TA: Determination of the maximum solid solubility of arsenic in iron 

(bcc) at the eutectic temperature.  
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2.3.5. Fe2As 
No natural occurrence is known for Fe2As. This compound has a 

tetragonal structure [67]. Its melting point is 1192 K according to 
Friedrich and Borchers [52]. A higher temperature of 1203 K was 
measured by Sawamura et al. [53]. 

2.3.6. FeAs 
No natural occurrence is known for FeAs. This compound has an 

orthorhombic structure [66]. Its melting point is 1281 ± 5 K according 
to Clark [61]. A higher temperature of 1325 K was measured by 
Gonzalez-Alvarez et al. [69] who also observed a transition where the 
magnetic helical structure disappears at a temperature of 70.95 ± 0.02 
K. 

2.3.7. FeAs2 
FeAs2 corresponds to the mineral loellingite with an orthorhombic 

structure [70]. Heyding and Calvert [71] observed the phase with a 
minor arsenic defficiency but without quantifying it. The melting point 
of this phase is 1289 ± 8 K. 

2.4. Thermodynamic properties of As–Fe binary system 

2.4.1. As − Fe liquid 
The activity of Fe in As–Fe melt was determined by Vaisburd and 

Remen [41] by measuring the emf on concentration cells without 
transport. The measurements were performed at 1573 K over a 
composition range of 11–47 at. % As. Hino and Azakami [72] deter
mined the activity of As in As–Fe alloys using the isopiestic method. The 
measurements were performed at 1423 K over a composition range of 
20–50 at. % As, with a conversion to liquid arsenic as the standard state. 
Arsenic properties used in their calculation are from Hultgren et al. [73]. 
Botor et al. [74] also determined the activity of As in As–Fe alloys based 
on vapor pressure measurements using two effusion methods: the 
Knudsen method and the Knudsen cell-mass spectrometry method. The 
measurements were performed over the temperature range of 1198 K 
and 1580 K from 21 to 35 at. % As and over the range of 1624 K and 

2013 K from 0.99 to 10 at. % As. Arsenic properties used in their 
calculation are from Gokcen et al. [75]. Botor et al. [74] also recalcu
lated the arsenic activity from the results of Hino and Azakami [72] 
using arsenic properties from Gokcen et al. [75]. The recalculated values 
as well as the original values by Hino and Azakami [72] are higher than 
those determined based on the vapor pressure measurements of Botor 
et al. [74]. Dong et al. [76] calculated activity coefficients of As and Fe at 
1873 K using the method of free energy of fusion for alloys with com
positions up to 24 at. % As. Tsukihashi et al. [77] also determined ac
tivity coefficients of As in pure Fe between 1823 K and 1923 K relative to 
pure liquid using chemical equilibration technioque. Yan et al. [78] 
calculated the activity of As and Fe in the As–Fe system using a com
bination of the molecular interaction volume model, Miedema’s 
semi-empirical enthalpy model and the Tanaka equation. Their calcu
lations are in good agreement with the activity values from Hino and 
Azakami [72] and Dong et al. [76]. Like the activities in the As–Co 
system, all measured activities in the As–Fe system show strong negative 
deviation from Raoult’s law. The activity data is presented in Fig. 5. At at 
a temperature of 1123 K, Wypartowicz et al. [79] performed three ex
periments measuring the liquid enthalpy of mixing at the eutectic 
composition of 24 at. % As using high temperature drop calorimetry. 
The obtained values were − 11.7, − 12.1 and − 14.1 kJ/mol. 

2.4.2. As − Fe compounds 
No thermodynamic data available for Fe3As2. For Fe2As, FeAs and 

FeAs2, Barton [80] suggested standard heat of formation values based on 
extrapolations of phase equilibrium measurements for the ternary sys
tem As–Fe–S from 773 K to 1073 K. According to Perfetti et al. [81], the 
extrapolations of Barton [80] present significant uncertainties. Sto
lyarova [82,83] measured the heat of formation of Fe2As, FeAs and 
FeAs2 using high-temperature calorimetry and as seen from Fig. 1, the 
values are higher than those suggested by Barton [80]. The heat content 
of FeAs2 was determined using drop calorimetry by Espeleta et al. [30] 
over a temperature range of 800 K–1500 K. From the measurements 
Espeleta et al. [30] calculated a standard heat of formation value of 
114.3 ± 17.2 kJ/mol. This value is much higher than the value 86 ± 3 

Fig. 4. Calculated a) As–Co phase diagram, b) activities of As and Co in As–Co system, with solid cobalt and liquid arsenic standard states.  

Fig. 5. Calculated a) As–Fe phase diagram, b) activities of As and Fe in As–Fe system, with solid iron, liquid iron and liquid arsenic standard states.  
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kJ/mol by Stolyarova [82]. Niessen et al. [42] and Klingbeil et al. [84] 
estimated the standard heats of formation of some compounds in the 
As–Fe binary system using Miedema’s model but their values are over
estimated compared to the measured values. Fig. 1 also shows the 
enthalpy of formation of some compounds at 0 K obtained from DFT 
calculations reported in The Materials Project [50] and The Open 
Quantum Material Database (OQMD) [51]. Espeleta et al. [30] deter
mined the temperature coefficients of the heat content by a regression 
analysis method using the Shomate function, from which the heat ca
pacity of Fe2As at high temperatures was derived. No heat capacity 
measurements were found for this compound. Gonzalez-Alvarez et al. 
[69] measured the heat capacity of FeAs using adiabatic calorimetry 
over the range 5 K–1030 K and using drop calorimetry relative to 
298.15 K over the range 875 K–1350 K. Pashinkin et al. [85] measured 
the heat capacity of FeAs2 for temperatures between 5 K and 300 K using 
adiabatic calorimetry. For higher temperatures. Perfetti et al. [81] 
estimated the heat capacity of FeAs2 by analogy with the heat capacity 
of isostructural FeS2 (marcasite) and FeAsS (arsenopyrite). The heat 
capacity data for the compounds in the As–Fe system are presented in 
Fig. 2 and the standard entropies are presented in Fig. 3. 

2.5. Thermodynamic assessments of As–S, As–Co, As–Fe and Fe–S binary 
systems in the literature 

No previous assessment was found for the binary As–Co system. 
Using the PARROT program [86], the binary As–Fe system was previ
ously assessed by Pei et al. [17] with an ionic two-sublattice model for 
the liquid phase and a substitutional regular solution model for the 
terminal bcc Fe and fcc Fe solid solutions. Ohno and Yoh [18] developed 
a thermodynamic model combined with first-principles total energy 
calculations based on the projector augmented wave (PAW) method 
[87] within the generalized gradient approximation (GGA) [88]. The 
liquid phase was described using a substitutional solution model. The 
assessment of thermodynamic properties of the As–Fe system was also 
performed by Botor et al. [74] using the NRTL model and by Yan et al. 
[78] using a combination of the molecular interaction volume model, 
the Miedema’s semi-empirical enthalpy model et the Tanaka equation 
[89]. Thermodynamic modeling of the As–S binary system was per
formed by Prostakova et al. [90] using the Modified Quasichemical 
Model (MQM) for the liquid phase. A subsequent and improved ther
modynamic model of the As–S binary system was performed by Kidari 
and Chartrand [21] including three intermediate stoichiometric com
pounds stable at atmospheric pressure: As2S3, As4S4 et As4S3. Ther
modynamic modeling of the Fe–S binary system was performed by 

Waldner and Pelton [20], and according to their model, the system in
cludes six intermediate stoichiometric compounds stable at atmospheric 
pressure: FeS (troilite), Fe11S12, Fe10S11, Fe9S10, Fe7S8 (monoclinic 
pyrrhotite) and FeS2 (pyrite). The system also includes the Fe1− xS 
(pyrrhotite) solid solution that exhibits a substantial deviation from 
stoichiometry toward excess S. For both As–S and Fe–S binary systems, 
the calculations and optimizations were performed with the FactSage™ 
thermochemical software [14–16]. The Modified Quasichemical Model 
(MQM) was used for the liquid phase and the compound energy 
formalism (CEF) was used to model the pyrrhotite solution. The opti
mized parameters of the As–S system in our previous work [21] and the 
Fe–S system by Waldner and Pelton [20] are used in this work to eval
uate the ternary As–Fe–S system. 

2.6. As–Fe–S ternary phase diagram 

Several investigations examined the As–Fe–S system, contrary to the 
less studied As–Co–S system. FeAsS is the only known compound in the 
As–Fe–S ternary system [91], and the studies concerning this ternary 
system are presented in Table 3 and discussed in this section. 

2.6.1. Fe2As-FeS pseudo-binary system 
According to the measurements performed by Nishihara and Izaki 

[92], a eutectic reaction forming Fe2As + FeS occurs at a temperature of 
1154 K and a composition around 22.5 mol % FeS. Also, a monotectic 
reaction occurs at a temperature of 1323 K. The mutual solid solubility 
of Fe2As and FeS could not be measured. 

2.6.2. As–Fe–S isothermal sections 
Based on mineral occurrences reported in the literature, McKinstry 

[94] proposed a As–Fe–S ternary phase diagram without considering the 
phases FeAs and Fe2As. According to Clark [93], tie-lines change as 
function of deposition temperature and pressure, and since the proposed 
phase diagrams by McKinstry [94] is based on a series of isolated min
eral occurrences, it may include assemblages that are not stable at any 
given temperature. Clark [61,93] investigated phase relations in the 
synthetic As–Fe–S ternary system and the measurements were per
formed with the presence of vapor. Vapor pressures could not be 
measured, and Clark [61] assumed that the pressures of all vapors in 
equilibrium with condensed phases lie between 1.3 × 10− 14 and 6.5 bar 
at 873 K. The determined isothermal diagram at 873 K shows eight 
univariant four-phase assemblages. Clark [61] also studied the changes 
in stable phases and produced five isothermal sections in the following 
temperature ranges: T < 764 ± 12 K, 764± 12 K < T < 961 ± 3 K, 961 
± 3 K < T < 975 ± 3 K, 975 ± 3 K < T < 1016 ± 2 K and T > 1016 ± 2 K. 
Barton [80] measured five ternary univariant equilibria in presence of 
vapor and the proposed isothermal ternary diagrams are in good 
agreement with the work of Clark [61]. Based on the results of Clark 
[93] and Barton [80], Raghavan [91] suggested a liquidus surface. In 
addition to the liquid miscibility gap on the FeS-Fe2As pseudo-binary 
system, Raghavan [91] suggests another liquid miscibility gap origi
nating along the Fe–S side and extending to the As corner. 

2.6.3. Fe solubility in As–S liquid 
Since orpiment (As2S3) and realgar (As4S4) melt at temperatures 

slightly above 573 K, Clark [93] reported a very narrow liquid field 
extending along the As–S binary system. The solubility of iron could not 
be measured, but according to previous measurements by Drs. Wiik and 
Paavo Vaananen (cited in Ref. [61]), liquid As–S contains around 0.16 
at. % Fe. 

2.6.4. FeAsS 
FeAsS correspond to the naturally occurring mineral arsenopyrite. 

Like the structure of loellingite (FeAs2), the structure of arsenopyrite 
also derives from the structure of marcasite (FeS2), a polymorph of 

Table 3 
As–Fe–S phase diagram data reported in the literature.  

References Experimental methods and results 

Fe2As-FeS 
[92] TA, XRD and microscopic examination: Determination of the quasi- 

binary section for the entire composition range. 

Isothermal sections 
[61,93] Evacuated, sealed silica tubes experiments, XRD and optical 

examination: Determination of equilibrium phase relations at 873 K, 
and changes in assemblages between 673 K and 1023 K. 

[80] Quenching experiments, XRD, optical examination and 
pyrrhotite-indicator method: Determination of four-phase invariant 
reactions during solidifications and prediction of isothermal sections 
between 554 K and 1103 K. 

[94] Based on literature descriptions of natural assemblages: 
Proposition of a As–Fe–S phase diagram. 

[95] Sub-solidus recrystallization experiments, microprobe analysis 
and XRD: Determination of the composition and phase relations 
involving FeAsS. 

Liquidus surface 
[91] Based on the work of Clark [61] and Barton [80]: Suggestion of a 

schematic liquidus surface.  
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pyrite [96]. Arsenopyrite with the ideal stoichiometry is monoclinic 
[70], and the deviation from the ideal chemical formula results in a 
triclinic structure [70,97]. Twining in arsenopyrite gives rise to a 
pseudo-orthorhombic structure [70,98]. Analyses by Klemm [99] and 
Kretschmar and Scott [95] showed that naturally occurring arsenopyrite 
may be slightly iron deficient, less than 1 at. %. However, according to 
Marimoto and Clark [98], the variations of iron content in arsenopyrite 
represent sampling and analytical errors rather than a deficiency. Clark 
[61] investigated the composition of synthetic arsenopyrite and found 
that it exists over a range of As and S. At 873 K, synthetic arsenopyrite 
has a small solid solubility and it does not encompass the ideal stoi
chiometric composition FeAsS. The approximate limits suggested are 
FeAs1.08S0.92 and FeAs1.05S0.95. Chemical analysis on natural arsenopy
rite performed by Clark [61] showed that it is sulfur rich relative to the 
ideal stoichiometric formula. The composition is found to be around 
FeAs0.97S1.06. Kretchmar and Scott [95] determined the compositions of 
arsenopyrite in different assemblages. The measurements are more 
precise in the assemblage arsenopyrite + pyrrhotite + liquid + vapor 
and arsenopyrite + pyrrhotite + loellingite + vapeur. For other assem
blages, it was more difficult to find arsenopyrite grains suitable for 
analysis. At 573 K, their results show that the composition range of 
arsenopyrite extends from less than 30 at. % As in equilibrium with 
pyrite and arsenic to approximately 33.5 at. % As in equilibrium with 
pyrrhotite and loellingite. Kretchmar and Scott [95] also showed that 
arsenopyrite contains around 38.5 at. % As at 973 K. According to Clark 
[61], arsenopyrite is incongruent and stable up to a temperature of 975 
± 3 K before decomposing to form pyrrhotite, loellingite and liquid. The 
homogeneity range of AsFeS is shown in Fig. 6 d). 

2.6.5. Solubility of As in FeS2 
Thermodynamic modeling of the Fe–S binary system was performed 

by Waldner and Pelton [20], and their model includes the intermediate 
stoichiometric compound FeS2. Natural pyrite (FeS2) exists in various 
geological environments, and depending on the hydrothermal condi
tions, it can incorporate arsenic in a wide composition range [100,101]. 
Pyrite is reported in deposits with and without the presence of arseno
pyrite. In assemblages of pyrite and arsenopyrite, arsenic content was 
found to vary from sample to sample, ranging from below the detection 

limit to about 5.2 at. % As in pyrite. Stepanov et al. [101] presents a 
literature survey detailing the results of the various experimental studies 
of arsenic content in pyrite in assemblages containing pyrite and arse
nopyrite. In deposits without arsenopyrite, arsenic content in pyrite was 
also found to vary largely, reaching much higher arsenic values around 
10.5 at. % As [102]. Few experiments synthesised pyrite and studied its 
arsenic content. At low temperatures, the nucleation of pyrite does not 
proceed at a significant rate, making it difficult to obtain an equilibrium 
state experimentally [103–105]. Low temperature experiments at 573 
K–773 K by Fleet and Mumin [106] synthetized metastable pyrite with 
an arsenic content of up to 5 at. % As. At higher temperatures, lower 
arsenic contents were reported. According to Clark [61], very little 
arsenic is soluble in pyrite coexisting with pyrrhotite and the As–S 
liquid. The value does not exceed 0.28 at. % As at 873 K. Kretchmar and 
Scott [95] agree with this value. At 773 K, Hem and Makovicky [107] 
produced nickel and cobalt bearing pyrite in equilibrium with arseno
pyrite. Pyrite contained from 0.1 at. % to 4.5 at. % As. Using first 
principles and monte Carlo calculations, Reich and Becker [108] 
investigated the thermodynamic mixing properties of As into pyrite. 
According to their predictions, pyrite can incorporate up to 3 at. % As in 
solid solution before unmixing into pyrite + arsenopyrite. 

2.6.6. Solubility of As in Fe1-xS 
Thermodynamic modeling of the Fe–S binary system was performed 

by Waldner and Pelton [20], and their model includes the pyrrhotite 
Fe1-xS solid solution. Clark [61] examined the solid solubility of arsenic 
in synthetic pyrrhotite with the composition Fe0,92S and found no evi
dence of As solubility in pyrrhotite at 873 K. XRD measurements per
formed by Barton [80] on pyrrhotites from arsenic and arsenic-free 
charges showed an agreement with the results of Clark [61]. The ana
lyses by Foley and Ayuso [109] also show that arsenic substitutes as a 
minor element in natural pyrrhotite, no more than 0.06 at. % As ac
cording to the chemical analysis of Ettler and Johan [110]. 

2.6.7. Solubility of S in Fe2As and FeAs 
Sulfur may be slightly soluble in Fe2As and FeAs according to Clark 

[61] but the exact amount was not determined. 

Fig. 6. Calculated a) heat capacity of AsFeS, b) vapor pressures of AsFeS, c) activity of S2, d) FeS2-FeAs2 join.  
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2.6.8. Solubility of S in FeAs2 
The solubility of sulfur in FeAs2 reaches a maximum of 7 at. % S at 

975 K and drops slightly at 923 K according to Clark [61]. The solubility 
can reach up to 0.21 at. % S in natural samples [111]. 

2.7. Thermodynamic properties of As–Fe–S ternary system 

2.7.1. Activity measurements 
Using the isopiestic method, the iso-activity of arsenic in Fe–S–As 

ternary alloys was measured by Hino [112] at a temperature of 1423 K. 
Arsenic activity has been found to increase with increasing sulfur con
tent. The iso-activity lines of arsenic referred to liquid As as the standard 
state are shown in Fig. 1. 

2.7.2. FeAsS 
Naumov et al. [44] proposed an estimation of the heat capacity of 

arsenopyrite in the temperature range from 248 K to 975 K and subse
quently, Pashinkin et al. [113] determined experimentally the heat ca
pacity of arsenopyrite at a composition of FeAs1.08S0.92 in the 
temperature range from 5 K to 620 K. The heat capacity was measured 
using vacuum adiabatic calorimetry from 5 K to 250 K, using dynamic 
calorimetry from 55 K to 530 K and using DSC from 350 K to 620 K. The 
measurements were then stopped because of the noticeable thermal 
dissociation of arsenopyrite starting from 700 K to 750 K. The data 
obtained by Pashinkin et al. [113] is in good agreement in the over
lapping regions. However, the estimation by Naumov et al. [44] gives 
higher heat capacities then what was measured by Pashinkin et al. 
[113]. Based on the phase equilibrium study results, Barton [80] esti
mated a value of − 92.7 kJ/mol for the standard heat of formation of 
arsenopyrite. Pashinkin et al. [113] calculated a higher value of − 108.6 
kJ/mol at the stoichiometric composition. Barton [80] also estimated a 
standard entropy value of 103.8 J/(mol.K). This value is overestimated 
according to Pashinkin et al. [113], who calculated a value of 68.49 ±
0.9 J/(mol.K) for arsenopyrite at the stoichiometric composition. 
Pashinkin et al. [113] explains that arsenopyrite is formed by partial 
substitution of sulfur atoms by arsenic in FeS2 resulting in a less sym
metrical structure. And by comparing the obtained standard entropy to 
the values of pyrite (53.89 ± 0.47 J/(mol.K)), the order of magnitude 
corresponds to the replacement of one sulfur atom by a heavier arsenic 
atom. 

For temperatures between 773 K and 975 K, Barton [80] measured 
the activity of S2 using the pyrrhotite-indicator method [114] during the 
following sulfidation reaction involving arsenopyrite: 

2FeAs2 + 2FeS+ S2→4FeAsS (1) 

The data is presented in Fig. 6. Strathdee and Pidgeon [115] 
measured the vapor pressure over arsenopyrite using quartz spoon 
gauge. The thermal decomposition of arsenopyrite occurs according to 
reaction 2, and in the presence of pyrite, reaction 3 also occurs according 
to Strathdee and Pidgeon [115]: 

4FeAsS(s) → 4FeS(s) + As4(g) (2)  

4FeAsS(s) + 4FeS2(s) → 8FeS(s) + As4S4(g) (3) 

Three sets of measurements were performed for temperatures be
tween 473 K and 923 K. The measurements using two different arse
nopyrite sample sizes are in good agreement. Another run was also 
performed using partially distilled arsenopyrite at 873 K to remove some 
of the volatile sulfur from the sample. The measurements show a “break” 
which was explained as the point separating the equilibrium between 
arsenic vapor and liquid As4S4 and the equilibrium between arsenic 
vapor and gaseous As4S4. The interpretation of the present phases seems 
to be erroneous according to Chakraborti and Lynch [116]. Fushimi and 
Webster [117] also noted that FeS in reaction 2 should be given as 
Fe1− xS. Using the thermographic method, Zviadadze and Rtskhiladze 

[118] also measured the vapor pressure between 640 K and 677 K. The 
measurements of Strathdee and Pidgeon [115] and Zviadadze and 
Rtskhiladze [118] are difficult to interpret according to Barton [80] 
because the equilibrium is difficult to obtain at temperatures of the order 
of 773 K. For temperatures between 868 K and 969 K, Pashinkin et al. 
[119] measured the dissociation pressure of natural arsenopyrite with a 
composition of FeAs0.96S1.04 using a static method with a membrane 
zero-manometer. The obtained data is in good agreement with the 
measurements of Zviadadze and Rtskhiladze [118]. The vapor pressure 
data is presented in Fig. 6. 

2.8. Thermodynamic modeling of As–Fe–S ternary system in the literature 

Using the SELEKTOR software [120], Vilor et al. [121] performed 
thermodynamic analysis and numerical simulation of mineral formation 
in the system Fe–As–S–Cl–Na-H2O, where the composition of para
geneses including arsenopyrite (FeAsS) and pyrite (FeS2) was calcu
lated. Xing et al. [19] presented thermodynamic models of solid 
solutions for arsenic in pyrite and arsenic in arsenopyrite contained in 
gold ores under hydrothermal conditions using the HCh software [122]. 
But according to Stepanov [123], some predictions of their thermody
namic model are inconsistent with observations in both natural samples 
and experimental data. 

3. Thermodynamic modeling 

All calculations and optimizations in this work were performed with 
the FactSage™ thermochemical software [14–16]. The properties of 
pure solid and liquid As, Co and Fe are from SGTE [124]. The properties 
of the gaseous species S, S2, S3, S4, S5, S6, S7 and S8 are taken from 
JANAF Thermochemical Tables [125]. The properties of the gaseous 
species As, As2, As3 and As4 are from Degterov et al. [126] and other of 
their unpublished optimisations and evaluations. The properties of the 
gaseous species AsS and As4S4 are from Barin [127] based on the cal
culations of Mah [128]. The properties of gaseous Co and Fe are from 
Barin et al. [129] and the properties of gaseous FeS are from JANAF 
Thermochemical Tables [125]. 

3.1. Thermodynamic model for the liquid phase in the As–Co an As–Fe 
binary systems 

The Modified Quasichemical Model in the Pair Approximation [11, 
12] was used to model the liquid phases to take into account the 
short-range ordering (SRO). For a liquid binary A-B system, the 
following pair exchange reaction is considered between the A and B 
atoms on neighbouring lattice sites: 

(A − A)+ (B − B)= 2(A − B) ; ΔgAB (4) 

(i − j) represents the first nearest neighbor (FNN) atom pairs, and 
ΔgAB is the non-configurational Gibbs energy change for the formation 
of 2 mol of (A − B) pairs. The pair and the overall mole (site) fractions 
are defined respectively as: 

Xij =
nij

(nAA + nBB + nAB)
(5)  

XA =
nA

(nA + nB)
= 1 − XB (6)  

nA, nB represent the number of moles of A and B, nAB represents the 
number of moles of pairs (A-B). If the coordination number of A is ZA, 
the “coordination equivalent” fraction of A is defined as: 

YA =
ZAnA

ZAnA + ZBnB
=

ZAXA

ZAXA + ZBXB
= 1 − YB = XAA +

XAB

2
(7) 

The “coordination equivalent” fraction of B is defined similarly. The 
Gibbs energy of the binary liquid is given by the following equation: 
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G=
(
nAg◦

A + nBg◦

B

)
− TΔSconfiguration +

(nAB

2

)
ΔgAB (8)  

g◦

A and g◦

B are the molar Gibbs energies of the pure liquid components, 
and ΔSconfiguration is the configurational entropy of mixing given by 
randomly distributing the (A-A), (B–B) and (A-B) pairs. The non- 
configurational Gibbs energy change for the formation of 2 mol of 
(A − B) pairs is expended in terms of the pair fractions: 

ΔgAB =Δg◦

AB +
∑

i≥1
gi0

AB(XAA)
i
+
∑

j≥1
g0j

AB(XBB)
j (9)  

Δg◦

AB, gi0
AB and g0j

AB are the temperature dependant model parameters 
that are optimized in this work for the As–Co and As–Fe systems. The 
coordination numbers can be varied with composition to reproduce the 
SRO, as given by equations (10) and (11). The composition of maximum 
SRO is determined by the ratio ZB/ZA: 

1
ZA

=
1

ZA
AA

(
2nAA

2nAA + nAB

)

+
1

ZA
AB

(
2nAB

2nAA + nAB

)

(10)  

1
ZB

=
1

ZB
BB

(
2nBB

2nBB + nAB

)

+
1

ZB
BA

(
2nAB

2nBB + nAB

)

(11)  

ZA
AA and ZA

AB are the coordination numbers when the nearest neighbours 
of an A atom are A atoms and B atoms respectively. ZB

BB and ZB
BA are 

defined similarly. In this work, ZAs
AsAs, ZCo

CoCo and ZFe
FeFe are set to be 6 for 

consistency with previous work. Analyzing the measured activity data in 
both As–Co and As–Fe binary systems (Fig. 4 b) and Fig. 5b)) shows that 
the maximum SRO occurs at approximately a composition of 45 at. % As. 
The coordination numbers ZAs

AsCo and ZAs
AsFe are set to be 6, and ZCo

AsCo and 
ZFe

AsFe are set to be 5 in this work. 

3.2. Thermodynamic model for the liquid phase in the As–Fe–S ternary 
system 

Geometric models can be used to estimate the excess Gibbs energy of 
a ternary system from the parameters of the three binary subsystems 
[130,131]. For a given geometric model, the excess Gibbs energy of the 
ternary system at any composition p is calculated from the binary pa
rameters at points a, b and c. The difference between the models is the 
placement of these three points. Since the binary excess Gibbs energy in 
As–Fe and As–S systems depend strongly upon composition, the 
different models will give very different results. Thus, the choice of 
points a, b and c is very important to correctly interpolate the ternary 
As–Fe–S system. Since Fe is a transition metal and exhibits different 
properties from As and S, the use an asymmetric model is more 
reasonable. In this work, the Toop type of interpolation technique was 
used to optimize the ternary As–Fe–S liquid phase, with iron as the 

asymmetric component. 

3.3. Thermodynamic model for solid solutions 

The Compound Energy Formalism (CEF) [13] is used to model the 
solid solutions. For As–Co and As–Fe binary systems, a magnetic 
contribution to the Gibbs energy was added to describe the cobalt and 
iron rich solid solutions. For the ternary solid solutions, the sublattice 
models considered in this work are presented in Table 4 and justified in 
this section. The solubility of As in Fe1-xS as well as the solubility of S in 
Fe2As and FeAs are neglected in the present work. 

3.3.1. Co and Fe rich solid solutions 
Since cobalt and iron exhibits magnetic ordering, an additional term 

can be added to the Gibbs energy to include the magnetic contribution. 
Inden [132] derived the following equation: 

Gmagnetic =RTln(β+ 1)f(τ) (12) 

β corresponds to the average magnetic moment per mole of atoms in 
Bohr magnetons and τ corresponds to the ratio of the temperature and 
the critical temperature of magnetic ordering. For ferromagnetic ele
ments, the critical temperature corresponds to the Curie temperature TC. 
For antiferromagnetic elements, the critical temperature corresponds to 
the Néel temperature TN. The expression f(τ) was subsequently simpli
fied by Hillert and Jarl [133] by expanding it into a power series. For the 
ferromagnetic Co and Fe, TC and β can be expressed as a function of 
composition. For each disordered phase in the Fe–As system, TC and β 
are given by the following expressions: 

TC(x) = xFeTC(Fe)+TExcess
C with TExcess

C = xFexAs

∑

i=0…n
TC(xAs − xFe)

i (13)  

β(x)= xFeβ(Fe)+ βExcess with βExcess = xFexAs

∑

i=0…n
β(xAs − xFe)

i (14) 

The expansion parameters TC and β are evaluated based on the 
experimental data available. The same expressions can be derived for 
cobalt [134]. 

3.3.2. FeS2 
Electron microscopy and X-ray absorption spectroscopy studies on 

natural FeS2 samples indicate a preferential substitution of arsenic into 
sulfur atomic positions [102,106,135–141]. This substitution mecha
nism usually occurs at reduced conditions such as in orogenic gold de
posits [101,142,143]. XANES measurements on gold-bearing pyrite by 
Simon et al. [138] showed that arsenic is present in FeS2 as As− 1 and it 
substitutes for sulfur in the S− 2

2 units as AsS− 2 pairs. Blanchard et al. 
[144] investigated the arsenic substitution mechanism in FeS2 using 
DFT. Their results also suggest that the formation of AsS dianion groups 

Table 4 
Crystallographic description of the phases in As–Co and As–Fe systems and sublattice models selected for solid solutions in the As–Fe–S system.  

Phase Person symbol Space group Prototype Reference Sublattice models 

Co5As2 hP42 P63/mmc  [29] stoichiometric 
Co2As (HT) hP9 P62m  [28] stoichiometric 
Co2As (LT) - –  – stoichiometric 
Co3As2 - –  – stoichiometric 
CoAs (HT) hP4 P63/mmc  [34] stoichiometric 
CoAs (LT) oP8 Pna21  [34] stoichiometric 
CoAs2 (HT) oP6 Pnnm  [38] stoichiometric 
CoAs2 (LT) mP12 P21/c  [36] stoichiometric 
CoAs3 cI32 Im3  [40] stoichiometric 
FeAs2 oP6 Pnnm  [70] (Fe,Va)1(As, S)2 
FeAs oP8 Pnma  [66] stoichiometric 
Fe3As2 - –  – (Fe)3(As,Va)2 
Fe2As tP6 P4/nmm  [67] stoichiometric 
FeS2 (pyrite) cP12 Pa3  [151] (Fe)1(S,As)2 
FeAsS mP12 P21/c  [39] (Fe)1(As, S)1(S,As)1  

O. Kidari and P. Chartrand                                                                                                                                                                                                                   



Calphad 82 (2023) 102589

10

is energetically the most favorable. Substitution of arsenic into iron 
atomic positions was also reported. This substitution mechanism is less 
common and observed mainly at oxidised conditions in hydrothermal 
deposits [101,142,143]. In a hydrothermal gold deposit, Deditius et al. 
[142] observed arsenic substituting iron as As3+. Qian et al. [145] 
synthetized FeS2 for temperatures of 398 K and 493 at the saturation 
pressure and their analyses suggest that arsenic substitutes for iron in 
FeS2. In this work, the FeS2 solid solution is modeled considering the 
preferential substitution of arsenic into sulfur atomic positions as pre
sented in Table 4. 

3.3.3. FeAsS 
Möller and Kersten [146] showed that the conductivity of AsFeS 

depends on the As/S ratio. The substitution of sulfur by arsenic has been 
shown using X-ray spectroscopies by Savage et al. [139] and Le Pape 
et al. [140,147]. This substitution results in a p-type conductivity [146]. 
In arsenopyrite enriched in sulfur, sulfur substitute for arsenic according 
to the electron microprobe results obtained by Nesbitt et al. [148]. This 
substitution results in an n-type conductivity [146]. Like in FeAs2, 
Tossell et al. [149] and Nesbitt et al. [148] suggest that sulfur and 
arsenic form pairs of atoms occurring as AsS2− in AsFeS. The measure
ments of Clark [61] and Kretschmar and Scott [95] on natural samples 
shown in Fig. 6 d) indicate a deviation towards the arsenic rich side but 
below 673 K, Kretschmar and Scott [95] explain that uncertainty still 
remains in the sulfur rich side of AsFeS. In this work, the AsFeS solid 
solution is modeled by considering both substitution mechanisms and 
the sublattice model is presented in Table 4. 

3.3.4. FeAs2 
The structure of FeAs2 derives from the structure of FeS2 (marcasite), 

where arsenic is substituted for sulfur [96,150] as modeled in this work. 

4. Results and discussions 

The optimization was conducted using the FactSage™ thermo
chemical software. The As–Co, As–Fe and As–Fe–S systems are assessed 
based on the literature data presented in the previous sections, and the 
optimized thermodynamic model parameters are presented in Table 6. 
The enthalpies of formation of the compounds of the As–Co system from 
thermodynamic tables and DFT calculations are shown in Fig. 1 a), along 
with the optimized values from this work. For compounds of the As–Fe 
system, the enthalpies of formation from measurements and DFT 

calculations are shown in Fig. 1 b), along with the optimized values from 
this work. To best reproduce the phase diagram and the activity data, the 
selected enthalpy of formation values for Fe2As and FeAs are slightly 
higher than the values measured by Stolyarova [82,83]. The values 
suggested by Espelata et al. [30] and the ones estimated by the Miedema 
model [42,43,84] are not considered reliable in the context of this work 
and therefore not included in the Figures. The thermodynamic proper
ties proposed in this work for Fe3As2 have a significant uncertainty due 
to the lack of data et the doubt surrounding its existence. 

The heat capacity (Cp) curves of the intermediate compounds of both 
binary systems are presented in Fig. 2 and the functions are presented in 
Table 5. The Neumann-Kopp rule was used to estimate the heat capacity 
of the compounds with no measured data. For FeAs2, the calculated heat 
capacity curve corresponds to the estimation of Perfetti et al. [81] by 
analogy with the heat capacity of isostructural FeS2 (marcasite) and 
FeAsS (arsenopyrite). Since the heat capacity of FeAs derived by 
Gonzalez-Alvarez et al. [69] from enthalpy increment have a higher 
uncertainty, the calculated curve is based on the measurements obtained 
using adiabatic calorimetry. The standard entropies (So

298.15 K) of the 
As–Co compounds from thermodynamic tables and the selected values 
in this work are presented in Fig. 3 a). The standard entropies (So

298.15 K) 
of the As–Fe compounds based on Cp measurements and the selected 
values in this work are presented in Fig. 3 b). Due to the uncertainties 
surrounding the thermal dissociation experiments performed by Koch
nev [48], their results were not used to optimize the properties of the 
As–Co compounds. The thermodynamic properties of the phases were 
optimized to reproduce the phase diagram data and the activity mea
surements shown in Fig. 4. 

The calculated binary phase diagrams are shown in Fig. 4 a) and 
Fig. 5a). For compounds undergoing polymorphic transformations, the 
enthalpies of transformations reported in the literature are used in this 
work and the different phases are identified as LT (low temperature) or 
HT (high temperature). The calculated phase diagrams are in good 
agreement with the experimental data. To optimize the cobalt rich side 
of the As–Co system, the measurements from Friedrich [22] and Koster 
[24] are selected since their measured eutectic temperature and 
composition are in good agreement, contrary to the data by Hashimoto 
[23] suggesting a much higher eutectic temperature. To optimize the 
magnetic parameter for the As–Co system, the data from Koster [24] ia 
selected. The calculated magnetic transformations in both As–Co and 
As–Fe systems are shown in the same Figures. Since there is a lack in 
information on the excess magnetic moment, the excess contribution to 

Table 5 
Heat capacities of the solid phases in this work.  

Phases T range, K Cp(T), J/(mol.K)

Co5As2 298.15–1196.15 172.0593+ 0.03741191T − 771670T− 2 + 5.2044× 10− 6T2 

Co2As (LT) 298.15–725.15 73.4866+ 0.016051216T − 313308T− 2 + 2.08176× 10− 6T2 

Co2As (HT) 725.15–1090 
1090–1230.15 

73.4866+ 0.016051216T − 313308T− 2 + 2.08176× 10− 6T2 

79.388237+ 0.01618956T − 290108T− 2 + 2.08176× 10− 6T2 

Co3As2 298.15–1090 
1090–1230.15 

121.8871+ 0.026792954T − 481562T− 2 + 3.12264× 10− 6T2 

133.690374+ 0.015928434T − 435162T− 2 + 3.12264× 10− 6T2 

CoAs (LT) 298.15–1090 
1090–1248.15 

48.4005+ 0.010741738T − 168254T− 2 + 1.04088× 10− 6T2 

54.3021+ 0.005309478T − 145054T− 2 + 1.04088× 10− 6T2 

CoAs (HT) 1248.15–1453.15 54.3021+ 0.005309478T − 145054T− 2 + 1.04088× 10− 6T2 

CoAs2 (LT) 298.15–800 71.7149+ 0.016173998T − 191454T− 2 + 1.04088× 10− 6T2 

CoAs2 (HT) 800–1090 
1900–1193.15 

71.7149+ 0.016173998T − 191454T− 2 + 1.04088× 10− 6T2 

83.518174+ 0.005309478T − 145054T− 2 + 1.04088× 10− 6T2 

CoAs3 298.15–1100 82.39189+ 0.038517T+ 8.48× 10− 7T2 

FeAs2 298.15–1300 76.69+ 0.0031T − 603000T− 2 

FeAs 298.15–1300 102.9396 − 0.0385038T+ 287228.09T− 2 + 3.2524× 10− 5T2 − 821.217T− 0.5 

Fe3As2 298.15–1090 
1090–1811 

120.6217+ 0.03340964T − 510554T− 2 + 1.060686× 10− 6T2 

132.4249+ 0.02254512T − 464154T− 2 + 1.060686× 10− 6T2 

Fe2As 298.15–1090 
1090–1212 

72.643+ 0.02046234T − 332636T− 2 + 7.07124× 10− 7T2 

78.5446+ 0.01503008T − 309436T− 2 + 7.07124× 10− 7T2 

FeAsS 1090–1000 75.51+ 0.00478T − 754300T− 2  
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the β term is considered nonsignificant in this work for both systems and 
only the TExcess

C parameters are optimized. This simplified model gives 
adequate results as seen from the Figures. In this work, Co5As2 is stable 
only from 1141 K to 1192 K, in a range of about 50◦ like proposed by 
Ellner et al. [29]. Since the decomposition temperatures of CoAs2 and 
CoAs3 have not been measured, the proposed values in this work are 
uncertain. The calculated activities are presented in Fig. 4 b) and Fig. 5 
b). To determine the activity of As, the thermodynamic properties used 
by Hino and Azakami [72] in their calculation are from Hultgren et al. 
[73]. The data is considered reliable in the context of this work, contrary 
to what was suggested by Botor [74]. For the As–Fe system, the calcu
lated liquid enthalpy of mixing at 1123 K at the composition of 0.24 at. 
% As is − 19.1 kJ/mol, slightly higher than the measured values of 
Wypartowicz et al. [79]. 

For the ternary FeAsS compound, the calculated heat capacity curve 
is based on the measurements of Pashinkin et al. [113] as seen from 
Fig. 6 a). The standard entropy of 68.5 J/(mol.K) by the same authors is 

selected in this work. The standard enthalpy of formation is − 139.9 
kJ/mol to reproduce the decomposition temperature of the compound at 
975 ± 3 K as measured by Clark [61]. Fig. 6 b) and 6 c) show that the 
optimized thermodynamic properties of FeAsS reproduce well the vapor 
pressure data and the equilibrium of reaction 1. The calculations shown 
in Fig. 6 b) and 6 c) are performed for a stoichiometric FeAsS compo
sition even if some of the reported data are from FeAsS samples with 
compositions that deviate from stoichiometry. Even if FeAsS exists in 
nature in a variable composition range, only the measurements of Clark 
[61] and Kretschmar and Scott [95] are considered in this work to model 
the limits of the solid solution. Fig. 6 d) presents the homogeneity range 
of FeAsS along the FeS2-FeAs2 join. Some phases are present at equi
librium in minor quantities in this join and are identified in the 
Figure with “(minor)”. FeAsS decomposes at a temperature of 974 K and 
a composition of 38 at. % As, which agrees with the experimental 
measurements. It decomposes to form Fe1− xS solid solution, FeAs2 solid 
solution and a minor quantity of arsenic, and at a slightly higher 

Fig. 7. Calculated a) pseudo-binary Fe2As-FeS system b) isothermal section of the As–Fe–S system at 1423 K along with the calculated and the experimental liquid As 
iso-activity curves. 

Fig. 8. Calculated a) isothermal section at 673 K, b) 873 K, c) 1073 K.  
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temperature, the equilibrium becomes Fe1− xS solid solution, FeAs2 solid 
solution and liquid. This is in accordance with the measurements per
formed in the presence of vapor by Clark [61] and Barton [80]. The 

calculations also show that the AsFeS solid solution is in equilibrium 
with FeAs2 solid solution and arsenic in the arsenic rich side. In the 
sulfur rich side, the AsFeS solid solution is in equilibrium with Fe1− xS 
solid solution and liquid above 772 K. Below this temperature, the 
equilibrium exists with FeS2 solid solution and liquid. This corresponds 
to the equilibrium suggested by Clark [61] at 764 ± 12 K. The FeAsS +
FeS2 + As equilibrium line suggested at 636 ± 50 K by Barton [80] is not 
obtained in the present work. The maximum solubility of S in FeAs2 
measured by Clark [61] is reproduced as seen from Fig. 6 d). The 
maximum solubility of As in FeS2 is set to 2 at. % As. 

The liquid phase is modeled with four ternary parameters, presented 
in Table 6, to reproduce accurately the experimental data. The pseudo- 
binary Fe2As-FeS is presented in Fig. 7 a). The calculated eutectique 
temperature is 1147 K and the eutectique composition is 18 mol % FeS, 
slightly lower than the composition of 22.5 mol % FeS suggested by 
Nishihara and Izaki [92]. The calculated monotectic reaction occurs at a 
temperature of 1337 K. The isotherm at 1423 K is also shown in Fig. 7 b) 
along with the As iso-activity curves with liquid arsenic as the standard 

Table 6 
Optimized thermodynamic parameters for As–Co and As–Fe–S systems (J mol− 1).  

Phases (model) Thermodynamic parameters References 

Liquid (MQM) (As,Co)(Va) ZAs
AsCo = 6; ZCo

AsCo = 5; ZAs
AsAs = ZCo

CoCo = 6 This work 
ΔgAs− Co = − 25000 + 3.655T + 4000 XAsAs +(-15000 + 11.60787129) X3

CoCo 

Liquid (MQM) (As,Fe,S)(Va) ZAs
AsFe = 6 ; ZFe

AsFe = 5; ZAs
AsS = 3 ; ZS

AsS = 2; ZAs
AsAs = ZFe

FeFe = ZS
SS = 6 [21] 

ΔgAs− S = ( − 48 000 + 88.067T − 9.155TlnT) + ( − 30 000 + 92.124T − 10.072TlnT)
XAsAs + (− 74000 +249.331T − 27.092TlnT)X2

AsAs+ (52 500–23.053)X3
AsAs + 3 000XSS 

+2500 X3
SS 

This work 

ΔgAs− Fe = − 25090 + 6.1T − 5TXAsAs − 5500 XFeFe − 1.936 X3
CoCo [20] 

ΔgFe− S = − 104.888+ 0.338T+ (35.043 − 9.880T)XFeFe + 23.972T X2
FeFe +30.437 

X3
FeFe + (8.626T)XFeFe + (72.954–26.178T) X2

SS +25.106 X4
SS 

This work 

g101
FeS(As) = − 25000  

g102
FeS(As) = 40000  

g103
FeS(As) = − 11000  

g001
AsFe(S) = 13200  

Fcc(A1) (CEF) (As,Co,Fe, S)1(Va)1 
0LAs,Co:Va = − 61000+ 10.072T This work 
TE

C = − 1354.057XAsXCo This work 
0LFe,As:Va = − 75000+ 22.912T [20] 
0LFe,S:Va = − 59070.737 − 34.612T  

Bcc(A2) (B–W) (As,Fe, S)1(Va)3 
0LFe,As:Va = − 77000+ 22.986T This work 

TE
C = 549.252XAsXFe − 150XAsXFe(XAs − XFe)

1  

0LFe,S:Va = − 31.041 − 10.657T [20] 

Hcp (A3) (CEF) (As,Co)1(Va)0.5 
0LAs,Co:Va = − 58905 This work 

hP4-Fe1-xS (CEF) (Fe,Va)1(S)2 
0GFe:S = − 96291.00 − 21.991T+ GHSERFe + 2GHSERS

a [20] 
0GVa:S = 140049.39+ 32.086+ 2GHSERS

a  

0LFe,Va:S = − 225830.67 − 26.359T  

Fe3As2 (CEF) (Fe)3(As,Va)2 
0GFe:As = − 75300+ 28.867T+ 3GHSERFe + 2GHSERAs This work 
0GFe:Va = 72448.5 − 44.975T+ 3GHSERFe  
0L(Fe:As,Va) = 56000 − 52.190T  

cP12-FeS2(CEF) (Fe)1(S,As)2 
0GFe:S = − 171048.025 − 38.490T+ GHSERFe + 2GHSERS

a [20] 
0GFe:As = − 75772+ 17.659T+ GHSERFe + 2GHSERAs This work 
0L(Fe:S,As) = − 25000  

oP6-FeAs2(CEF) (Fe,Va)1(As,S)2 
0GFe:As = − 85772+ 17.659T+ GHSERFe + 2GHSERAs This work 
0GFe:S = − 154500+ 37.51T+ GHSERFe + 2GHSERS  
0GVa:As = 20000+ 2GHSERAs  
0GVa:S = 860082.627 − 19.251T+ 2GHSERS  
0L(Fe:As,S) = − 48500  

mP12-FeAsS (CEF) (Fe)1(As, S)1(S,As)1 
0GFe:As:S = -139 900 + 27.510T + GHSERFe + GHSERAs + GHSERS This work 
0GFe:As:As = − 51272 − 17.280+ GHSERFe + 2GHSERAs  
0GFe:S:S = − 81048+ 38.490T+ GHSERFe + 2GHSERS  
0GFe:S:As = − 89900+ 26.539+ GHSERFe + GHSERAs + GHSERS  
0L(Fe:As:S:As) = 6000 − 38.805T   

a Heat capacity functions given in Table 5 of reference [20]. 

Table 7 
Summary of some invariant reactions involving the liquid phase in the ternary 
As-Fe-S system.  

Reactions Temperatures 

at. % Fe at. % S at. % As K (◦C) 

Liquid ⇌Liquid 2 þ Fe1¡xSþ bcc 
0.629 0.318 0.053 1233.3 (960.15) 
0.629 0.085 0.170 

Liquid 1 ⇌ Fe1-xS þ bcc þ Fe2As 
0.465 0.131 0.404 1220 (946.85) 

Liquid ⇌ Fe2Asþ Fe1− xS þ bcc 
0.735 0.032 0.233 1083.14 (809.99)  
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state. The calculated curves are in good agreement with the measure
ments of Hino [112]. The calculated isothermal sections at 673 K, 873 K 
and 1073 K presented in Fig. 8 are in excellent agreement with the work 
of Clark [61] and Barton [80]. A summary of the invariant reactions 
involving four-phase intersection points with liquid in the ternary 
As-Fe-S system is presented in Table 7. 

5. Conclusion 

In this work, the thermodynamic information available in the liter
ature is critically evaluated and used to optimize the As–Co and the 
As–Fe binary systems. Important uncertainties remain due to the lack of 
experimental data in the arsenic rich regions of both phase diagrams. 
The binary systems are assessed based on all available literature data to 
propose a reasonable set of model parameters for the arsenic rich region. 
The MQM with the pair approximation is applied to model the liquid 
phase. This model is well adapted to introduce extra parameters in X 
(As–As) pairs that can be adjusted with minimal impact on the rest of the 
optimization, contrary to the correlated Redlich-Kister parameters. For 
the ternary As–Fe–S, the Toop interpolation technique was used with 
iron as the asymmetric component. The CEF was used for solid solutions, 
with added magnetic contributions to describe the Gibbs energy of co
balt and iron rich solid solutions. The calculated phase diagrams and 
thermodynamic properties provide an accurate description of all reliable 
experimental data. 
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