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Annotation. The phase formation in the Fe-S system was investigated by differential 

thermal analysis and Mössbauer spectroscopy. It was found that the formation of FeS com-
pound takes place after melting of sulphur in the temperature range from 490 to 590 K. 
Mössbauer parameters of the quenched samples allowed attributing the thermal peak at 
temperatures 590-620 K to formation of FeS2, which at the subsequent heating decomposes 
on peritectics at 1015 K. A full description of the alloys by DTA, XRPD, and Mössbauer 
studies allowed to make recommendations for the technology of preparation of multinary 
compounds with crystal structures of chalcopyrite CuFeS2, kesterite Cu2(Zn, Fe)SnS4, 
stannite Cu2FeSnS4, and compounds existing in the Cu-Fe-S system. 

INTRODUCTION 

Multinary Fe-containing semiconducting compounds with crystal structures of chal-
copyrite CuFeS2, kesterite Cu2(Zn, Fe)SnS4, and stannite Cu2FeSnS4 are at the focus of 
current research as absorbing materials in solar cells [1]. To obtain these materials with 
optimal physical characteristics it is necessary to know the processes of phase formation 
during preparation of such materials from chemical elements, especially for the binary sys-
tem Fe-S where compounds Fe1-xS (pyrrhotite) and pyrite FeS2 (in structure of pyrite and 
marcasite) exist. Although T-x phase diagram of the Fe-S has been investigated and con-
structed there are a lot of contradictory results especially for the central part of this system 
at low temperatures [2]. The goal of this paper is to study the phase formation in the Fe-S 
system and to achieve this goal, the mixtures of the elements were heated in DTA appara-
tus, quenched following the corresponding thermal peaks, and then investigated using 
XRPD and Mössbauer studies. 

EXPERIMENTAL 

The mixtures of Fe and S with the atomic ratios Fe:S = 1:1; 1:2, and 2:3 were investi-
gated. The X-ray studies were carried out using monochromatic Cu Kα-radiation 
(1,5406 Å, step size 0,01° or 0,04°, counting time 10 s). The DTA measurements were per-
formed using special carriers within a high-temperature steel clamp. The temperatures of 
the structural phase transitions were determined using Pt/90%Pt-10%Rh thermocouples 
with the heating rates being 2-3 K/min (accuracy of ±2 K). Reproducible results were ob-
tained by placing powder samples of 1 g in evacuated (1,3·10-2 Pa) quartz capsules using 
Al2O3 as a reference material. Room-temperature 57Fe Mössbauer spectra were taken in 
transmission geometry using a 57Co/Rh γ–ray source. The velocity scale was calibrated 
relative to 57Fe in Rh. 
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RESULTS  AND  DISCUSSION 

It was found that up to the melting point of sulphur (Fig. 1 and Fig. 2, peak A) there is 
no essential formation of iron sulphides. The thermal peak B1, associated with the forma-
tion of FeS is divided into two subpeaks with maximums at 522 and 576 K. Such shape is 
formed because simultaneously with the formation of iron sulphides (exothermic peak) 
crystallographic transitions (endothermic peaks) occur. Mössbauer parameters of the 
quenched samples coincided with the parameters of FeS and FeS2 [3, 4] and it allowed at-
tributing the thermal peak at temperatures 590-620 K to formation of FeS2, which at the 
subsequent heating decomposes on peritectics at 1015 K. 

 
Figure 1. – Thermogram of the mixture of chemical elements Fe:S = 1:1 (atomic ratio) /left pic-
ture/ and Mössbauer spectrum of this mixture after heating up to 800 K and quenching /right 

picture/ (1 – the first heating of the mixture, 2 – the cooling of the chemical elements preheated 
in the process 1, 3 – the repeated heating of the mixture, 4 - the cooling of the chemical elements 

preheated in the process 3) 
A complex endothermic peak at 1200 - 1261 K appears at further heating. This peak is 

the superposition of thermal peaks caused by the peritectoid transformation γ-
Fe + FeS ↔ α-Fe (peak C) and eutectics reaction γ-Fe + FeS (peak D). A detailed descrip-
tion of all thermal peaks is presented in Table 1. 

  
Figure 2. – Thermogram of the mixture of chemical elements Fe:S = 1:2 (atomic ratio) /left pic-
ture/ and Mössbauer spectrum of this mixture after heating up to 800 K and quenching /right 

picture/ (1 – the first heating of the mixture, 2 – the cooling of the chemical elements preheated 
in the process 1, 3 – the repeated heating of the mixture) 
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A full description of the alloys by DTA, XRPD, and Mössbauer studies allowed to 
make recommendations for the technology of preparation of multinary compounds with 
crystal structures of chalcopyrite CuFeS2, kesterite Cu2(Zn, Fe)SnS4, stannite Cu2FeSnS4, 
and compounds existing in the Cu-Fe-S system. 

Table 

Nature of the thermal peaks at the interaction in the Fe-S system 

Thermal 
 peak 

Temperature, 
K Nature of thermal peak 

A 388,2 Melting of sulphur 
B1 490-590 Formation of FeS 
B2 590-620 Formation of FeS2 
C 1200 Peritectoid transformation γ-Fe + FeS ↔ α-Fe 
D 1261 Eutectics reaction γ-Fe + FeS 
E 1461 Melting/ Crystallization of FeS 
F 1016 Peritectics decomposition/ Formation of FeS2 

G 700 Crystallographic transformation of FeS2 from the structure of mar-
casite into the structure of pyrite 

H 1380 Monotectic reaction in the interval of compositions FeS-S 

CONCLUSIONS 

The alloys of the Fe-S system with the atomic ratios Fe:S = 1:1; 1:2, and 2:3 were in-
vestigated. It was found that the formation of FeS compound takes place after melting of 
sulphur in the temperature range from 490 to 590 K. The thermal peak is divided into two 
subpeaks with maximums at 522 and 576 K. Such shape is formed because simultaneously 
with the formation of iron sulphides (exothermic peak) crystallographic transitions (endo-
thermic peaks) occur. Mössbauer parameters of the quenched samples allowed attributing 
the thermal peak at temperatures 590–620 K to formation of FeS2, which at the subsequent 
heating decomposes on peritectics at 1015 K. A full description of the alloys by DTA, 
XRPD, and Mössbauer studies allowed to make recommendations for the technology of 
preparation of multinary compounds with crystal structures of chalcopyrite CuFeS2, kester-
ite Cu2(Zn, Fe)SnS4, stannite Cu2FeSnS4, and compounds existing in the Cu-Fe-S system. 
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