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Abstract. The Fe-Co-S system is a part of the five-component Fe-Co-Ni-
-Cu-8 system. Its thorough study is essential for the interpretation of the conditions
of formation of some liquid-magmatic deposits which ere important both from the
geological and economic point of view.

Incomplete solid solution FeS, — CoS, occurs in the Fe-Co-$S system. The solu-
bility of CoS, in FeS; is very limited (below 2 wt. %) whereas that of FeS, in CoS;
is significant, increasing evidently with temperature (500°C — 37 wt. % FeS,, 600°C —
60 wt. T FeSs, T00°C — 75 wt. % FeS,). The solubility of FeS, in CoS, aitains a ma-
ximum value of 80 wt. % at 735 +35C. At this temperature, an invariant reaction
also takes place: py -+ ct + VE2po + L+ V. In contradistinction to this, the solu-
bility of iron sulphide in Co,S, decreases with temperature. With an increase in tem-
perature, the solubility of cobalt sulphide in iron monosulphide along the FesS —
Coy3g join increases substancially. At 500°C FeS takes 18 wt. % CoySs in its structure,
at 600°C — 30 wt. "%, and at 700°C — 38 wt. %. On the other shand, the solubility
of FeS in Co,Sy does not change with temperature, amounting to app. 20 wi. % FeS.
A precise determination of the phase boundaries in the metal-rich portion of the
Fe-Cao-S system by means of X-ray, microscopic and thermal methods is impossible
and requires further investigations.

INTRODUCTION

The Fe-Co-S system is a part of the five-component Fe-Co-Ni-Cu-S
system. Its thorough study is essential for the interpretation of the con-
ditions of formation of some liquid-magmatic deposits which are important
both from the geological and economic point of view. Earlier works (Wy-
szomirski 1976a, 1976b) as well as the present one, together with
Lamprecht’s studies (1975a, 1976) of the Co-Ni-S system, should yield
data comparable with those on the Outukumpu ores. Ore mineralization
of this type also occurs in the basic rocks of NE Poland, being charac-
terized by a high Co content in pentlandite (Kucha, Salamon 1973).

PHASES IN THE Fe-Co-S SYSTEM

Figure 1 shows the minerals and synthetic phases present in the Fe-
-Co-S system.

* Institute of Geology and Mineral Deposits, Academy of Mining and Metallurgy,
Cracow (Krakéw, al. Mickiewicza 30).
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Fig, 1. Minerals and synthetic phases in the ternary
fe-Co-S system (in wi,%)

Sulphur appears in nature in native state, forming concentrations
of high purity in several deposits,

Pyrite, FeS, is the most common sulphide. It crystallizes in the
cubic system, representing the Pa3 structure. Pyrite is stable up to 734°C,
at which temperature, due to peritectic reaction, it decomposes into 1C
hexagonal pyrrhotite and sulphur (Kullerud, Yoder 1959).

{J att i_e rite, CoS, represents the type of structure identical with
pyrite. It is stable up to 950°C; at this temperature it dissociates into
Co,-+5 and gaseous sulphur (Kuznecoy et al. 1965).

Linnaeite, CoyS,, crystallizes in the cubic system, forming spinel
?gré.x%ture. At 630°C it decomposes into Co;_ .S and CoS, (Kuznecoy et al.

a).

Another spinel, greigite FeyS,, also crystallizes in the Fe-Co-8 sy-
stem. Skinner et al, (1964) report that this phase decomposes into pyrrho-
tite and sulphur between 238° and 282°C in the conditions of experiments
of short duration, '_I‘heylstate, however, that this temperature range may
br; non-representative of the equilibrium conditions considering the small
gcaﬁm;‘m‘tc. lg\é:g;}rdmg to other investigators (Uda 1967: Berner 1971;
cott, Kissin y greigite is a metastable pha i " 4
~-temperature conditions. T

Pyrrhotite, Fe, ,S, is the most fre i i i

Fer g 1 HeygS, quently investigated sulphide
phaslt, This issues primarily from experimental difficulties dgue to sluggish,
partm;ularly at low terxgperatures, reaction kinetics. From the melting point
(1190°C) down to 308°C only hexagonal pyrrhotite with the structure of
!t;fxt:_; NiAs (lC)ltype occurs. This phase, though in a more limited couipo—
ition range, also appears at lower temperatures, Disordered 1C pyrrhotite

cannot be quenched (Corlett 1968), and i
field acquire one or more superstruc){urea e coRles o G pase
Co1+S, like Fe, .S, crystallizes in the hexagonal system. Within the
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homogeneous Co,. .S solid solution, a transformation of the NiAs struc-
ture (ap = 3.384 A, ¢, = 5,196 A) into a superstructure of the same type
has been noted, the latter being characterized by a threefold increase in
the values of the lattice parameters (¢, = 10.10 A, ¢, = 15.48 A) (KuZne-
cov et al, 1965). The stoichiometric phase, CoS, has been described as
jaipurite, though its existence is rather doubtful. Co, .S is a stable
phase from 360—475°C to 1195°C. A decrease in the temperature of eu-
tectoidal decomposition of this phase from 475°C down fto 360°C with
an increase in sulphur content in the solid solution indicates that sulphur
has a stabilizing effect on Co,- .S (KuZnecov et al. 1965).

Co-pentlandite is a phase whose chemical formula has raised
much controversy among metallographists and mineralogists. Thus, Guert-
ler and Schack (1923) claim that its formula is CosS,, Cagliotti and:Roberti
(1932) — Co0,8;, Hilsmann and Weibke (1936) — Co;3s, whereas Curlook
and Pidgeon (1953) maintain that it is Coys8.5. The correct formula, CogSg,
has been determined by Lingvits, Lundgvist and Westgren (1936) and
confirmed by Kuznecov et al. (1965). Co-pentlandite also occurs as a mine-
ral in nature (Stumpfl, Clark 1964). It crystallizes in the cubic system, re-
presenting the pentlandite structure. The phase in question is stable up to
830°C.

Co45y is a high-temperature phase which exists only in the temperature
range of 785 — 930°C (KuZnecov et al. 1965), Thorough studies carried out
by Lamprecht (19756b) have revealed that the beginning of the reaction of
Co4Sy formation takes place in the temperature range from 785 +3°C to
802 £5°C. The same author states that Co,S; crystallizes in the cubic
system, representing face-centered lattice, Below the stability tempera-
ture, it decomposes into CoySy and metallic cobalt,

Native cobalt has not been reported so far from nature. This metal
erystallizes in two modifications. Below 420°C, hexagonal a-modification
is stable, which above that temperature is transformed into cubic y-mo-
dification. The transformation is not, however, spontaneous; therefore,
the two modifications coexist at room temperature, The melting point of
pure cobalt is 1495°C.

Pure iron is very rare in nature. It appears in three allotropic mo-
difications: as u-iron with body-centered cubic lattice, stable below 910°C:
as y-iron with face-centered cubic structure, stable in the range from 910°
to 1400°C; and as d-iron with body-centered cubic lattice, stable up to the
melting point (1534 °C).

The FeCo solid solution forms from the corresponding alloy due to
the transformation disorded = order. It is stable below 730°C (Hansen,
Anderko 19568). This phase is known in nature as wairauite (Challis,
Long 1964),

PREVIOUS EXPERIMENTAL STUDIES
The Fe-S system
The Fe-S system has been studied by Kullerud and Yoder (1959) at
temperatures above 400°C. Below 350°C, the phase relations in this system

are very complicated because of the presence of some Fe,— .S superstruc-
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the Fe-S system has been investigated by
studied here, the system contains,
y binary phases described

tures. At those temperatures,
Scott (1974). In the temperature range sl
besides the end-members of sulphur and iron, twe

earlier in this paper.

The Co-S system

The Co-S system has not been so far the object u{ 50 many compre-
hensive studies as the Fe-S system. The Icnuwludlp.e D.I the system, pa_r‘cl-
cularly of its high-temperature, sulphur-rich portion, 18, thurufnrtlul incom-
plete. The first study of the Co-S system was made by Rosenquist (1854).
Its fuller description was then given by KuZnecov et al. (1965) and bby
Lamprecht (1976b), Besides the cobalt and sulphur cnd—mqmbem, fwr;-
binary phases, discussed earlier in this worlk, are present in the Co-5
system.

The FeCosystem

The works dealing with this system have been summarized by Hansen
and Anderko (1958), Elliott (1965) and Shunk (1969). Apart from the iron
and cobalt end-members, the phase FeCo has been identified in the Fe-Co
systern. These phzases Fe,Co and FeCo; have also been thought to occur
in the system in question (Elliott 1965). Subsequent studies (Pokorna,
Velidek 1973) have failed, however, to confirm this thesis.

Phase relations

As appears from the data cited in literature, the Fe-Co-S system has
been studied only fragmentarily. Thus Klemm (1962) investigated the
FeS,-CoS,-NiS, join, conducting the syntheses in the presence of LiCl-KCl
mixture. He has found that the FeS,-CoS, solid solution series is incom-
plete at 500°C and 600°C and that at 700°C those disulphides dissolve
entirely. The FeS,-CoS, join was also investigated by Bouchard (1968),
who carried out the syntheses by hydrous method. His experiments per-
formed over a temperature range from 650 — 700°C have revealed the
existence of a complete solid solution series. This fact failed to be con-
firmed by the studies of Wyszomirski (1976¢), which have shown that the
FeS,-CoS, solid solution is incomplete in the range of 75— 98 wt, % FeS,
at 700°C. His experiments were made, however, using dry method, It
seermns that the completeness of. the (Fe,Co)S, solid solution noted in the
experiments performed by hydrous method is of metastable character,

The CoS; ¢s-Fey,S;; join in the monosulphide field of the Fe-Co- -
stem was investigated by Curlook and Pidgeon (1953). They haveo fsmfrs;d
that the minimum of the liquidus temperature is 1138°C with the Fe,,S
congzn{ in the monosulphide studied being 65%. =

oleva et al. (1858) have studied the pseudobinary FeS- ol
Yet, as folIo}vs_ from_ thgir TEPOrt, it is the FeS-Co,S, 3]foin fhgto qi;sjc;fé
;gﬁgtd of their investigations. It appears therefore that these authors com-
e t})afcﬁl'pecmigﬂd Roberti (1932), an error of ascribing the formula
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METHODS OF INVESTIGATION

Starting materials

Experimental samples were either synthetized from stable phases in
the Fe-S and Co-S systems or obtained directly from elements using the
following reagents:

— 3N iron powder from Koch-Light Laboratories LTD,

— 2N5 cobalt powder from Koch-Light Laboratories LTD,

— spectrally pure sulphur (99.999%) from American Smelting and Re-
fining Company Denver, Colorado.

Techniques

Sulphides were synthetized in evacuated, sealed silica tubes with mi-
nimum vapour space as described by Kullerud (1971). Heating experiments
were performed in electrically controlled horizontal furnaces with tempe-
rature accuracy 43°C, and the temperature was recorded continuously.
When required, individual samples were repeatedly ground in the presence
of acetone and reheated at given temperature, sometimes over extended
periods of time, until equilibrium was attained., Runs were quenched in
ice water and the reaction products routinely identified at room tempera-
ture.

Identification of phases

Specimens were investigated by microscopic, X-ray and DTA methods.
Small polished sections of the products were prepared for examination
under a reflected light microscope, and the identification of the phases was
aided by using oil immersion. X-ray powder diffraction patterns were ob-
tained with a Philips diffractometer, using Mn-filtered FeK,. radiation.
DT A experiments were carried out on mixtures with standard quartz from
Lake Toxaway in sealed, evacuated silica tubes; heating and cooling rates
were about 3°C/min.

EXPERIMENTAL RESULTS

The results of investigations of the ternary Fe-Co-S system at 500°,
600° and 700°C are shown in Figures 2 —4. Incomplete solid solution
occurs between disulphides FeS, and CoS, which coexist with liquid sulp-
hur. In all cases, the solubility of CoS, in FeS, is very limited, its value
being below 2 wt. %. In contradistinction to this, the solubility of FeS, in
CoS, increases evidently with temperature, Thus, at 500°C CoS, takes up
to 37 wt. % FeS, in solid solution; at 600°C this value increases to 60 wt. %,
and at 700°C to 75 wt. % FeS,. The solubility of FeS, in CoS, attains
a maximum value of 80 wt. % at 735 -£3°C. Simultaneously, an invariant
reaction takes place:

pytTet+VepotL+V

where:
py — pyrite,
¢t — cattierite,
po — pyrrhotite,
L — liquid,
V — wvapour.
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Fig. 2. Isothermal join of the ternary Fe-Co-S sy-
stem at 500°C (in wt.%)

Fig. 3. Isothermal join of the ternary Fe-Co-S sy-
stem at 600°C (in wt.%)

X-ray powder method proved ver i i

' / ¥ useful in th
the (Fe,Co)S, solid solptlonf; (Wyszomirski 1976¢) since, as can be seen
from Fig. 5,‘the rel_atlonshlp between the chemical composition of the
(Fe,Co)S, solid solutions and the respective unit cell
{}?s bfm e(sgabhghed basing on the author's studies an
iterature (Bouchard 1968), is in good agreement wi i
s : 718 1 ith Vv { '
coexists with the metal-deficient monosulphide up to e2g(;1r$ts %iw(sg’g’gg;

e investigations of
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Fig. 4. Isothermal join of the ternary Fe-Co-S sy-
stem at T00°C (in wt.%)

22 wt. % (600°C) or 6 wt. % Co;—»S (700°C). At 500°C, (Co,Fe)S, solid
solution with 5 to 37 wt. % FeS, forms a divariant field with the metal-
-deficient monosulphide solid solution containing from 20 to 72 wt. %
Co;—»S. At 600°C, a similar field has been noted between the (Co,Fe)S,
solid solution taking 5 — 60 wt. % FeS, and the monosulphide containing
22 — T2 wt. % Co;_4S. An increase in temperature makes Co;S; incorporate
less iron sulphide in its structure. At 500°C, Co;S, takes 8 wt. % Fe;S,
the latter phase being, however, unstable at this temperature. At 600°C

5550 | 9[A]

o

5500

1 t1 Dafa ofter Bouchard (1968)
5450 / ® Data after Wyszomirski (1976¢)

rel

AN R 80 & 100wt % CoS, inffeCs)S,

Fig. 5. Relationship between the chemical composition of the
(Fe,Co)S, solid solution and parameter a, of the unit cell
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Co;S, dissolves less than 2 wt. % of this iron sulphide. Both at 500°C and
600°C, (Co,Fe)sS; coexists with the (Co,Fe)S, solid solution with up to
5 wt. Y FeS, and with the metal-deficient (Co,F'e);—.S solid solution con-
taining 0—28 wt. % Fe,_.S. The decomposition temperature of Co,S,
determined by DTA method is 692°C (Lamprecht 1976]3},01.9. higher than
that given by Kuznecov et al. (1965). Consequently, at 700°C the (Co,Fe)S,
solid solution containing 0 — 75 wt. % FeS, forms only a lgrge divariant
field with the (Co,Fe); .S solid solution with 0 — 94 wt. % Fe, ,S. The
central portion of the Fe-Co-S system is occupied by a large, homogeneous
field of iron and cobalt monosulphide. The composition of pyrrhotite va-
ries from stoichiometric FeS to Fe, .S according to Arnold (1962). The
other end-member of the (Fe,Co);—.S solid solution, Co; .S, possesses
the region of homogeneity from 36.0 to 38.9 wt. % S (KuZnecov et al. 1965).
The solubility of CoyS; in iron monosulphide increases evidently with tem-
perature. Thus, at 500°C FeS takes 16 wt. %, at 600°C — 30 wt. %, and
at 700°C — 38 wt. % Co,;S;y in solid solution. On the other hand, the solu-
bility of FeS in CoyS; does not vary with temperature, being about 20
wt. % FeS. Similar dependences have been observed by Moleva et al. (1958),
though these authors have interpreted erroneously Co.S; as Co,S; Both
(Fe,Co)S and (Co,Fe)ySs form divariant fields with the FeCo solid solution.
Yet, a precise determination of the phase boundaries in the metal-rich
portion of the Fe-Co-S system by means of X-ray, microscopic and ther-
mal methods is impossible and requires further investigations, Finally,
FeS coexists with the Fe-Co melt and Co,Sy forms a divariant field with
the Co-Fe alloy. The size of those fields is in good agreement with the
data presented by Hansen and Anderko (1958) and by Elliott (1965).
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Piotr WYSZOMIRSKI

Co-8 W ZAKRESIE
U TROJSKLADNIKOWEGO Fe-Co-5
1 e TEMPERATUR 500—700°C

Streszezenie

Sy -Co-S jest ezescig ukladu pif;cios]dadnﬂmwa-gq Fe-Co-Ni-Cu-
=8, %ﬂ“{;::vﬂz opracéwanie tego ultadu jest istotne z pur:uk%u widzen_la m
terpretacji warunkow tworzenia niektorych, waznych zml_l:vnu w segau
geologicznym jak 1 gospodarczym, mag_mn_wych zl6z typu I wacanc(g: S

W ukladzie Fe-Co-S wystepuje nieciagly bmztw:f?r sta?y Fes,- .9 2(:
Rozpuszezalnoéé CoS, w FeS, jest bardzo ograniczona 1 przy;mub]efvar'tm'ﬁ (o
ponizej 2% wag. Z drugiej strony rozpuszezalnosc F‘cb,rw 9053 ‘]e‘bt"znacz,-
na i wyraznie zwieksza sie ze wzrostem temp(eratur_.y (500°C — 37% wag,
FeS,, 600°C — 60% wag. FeS,, 700°C — 76% wag. I.' eS,). Iiozpu.szcz‘alnt‘)éc
FeS, w CoS, osigga maksimum w temperaturze 735 -+3°C, przyjmujgc
wartogé 80% wag. W tej temperaturze zachodzi rowniez reakcja zero-
Zmienna:

py +et+V=pot+L+V

W przeciwienstwie do tego rozpuszezalnosé siarczku zelaza w Co3S, maleje
ze warostem temperatury, Podwyzszenie temperatury wyraznie wplywa
na wzrost rozpuszezalnoéel siarczku kobaltu w monosiarczku zgiaza wzdl_u;f
przekroju FeS — CoySy. W temperaturze 500°C FeS przyjmuje do swojej
struktury 16% wag., w 600°C — 30% wag., za$ w 700°C — 38% wag. CoyS,;.
7 drugiej strony rozpuszezalnosc FeS w CoySy nie zmienia sig ze wzrostem
temperatury i wynosi okolo 20% wag. FeS. Dokladne okreflenie granic
fazowych w hogatej w metal czesci ukladu Fe-Co-5 jest miemozliwe przy
zastosowaniu metody rentgenograficznej, mikroskopowej oraz termicznej
i wymaga dalszych badan.

OBJASNIENIA DO FIGUR

Fig, 1. Mineraly i fazy syntetyczne wystepujgee w ukladzie trojskladnikowym Fe-
-Co-5 (w % wag.)

Fig. 2. Przekr6j izotermiczny uldadu trojskladnikowego Fe-Co-S w temperaturze
500°C (w % wag.)

Fig. 3. Przekro] izotermiczny uldadu trojskiadnikowego Fe-Co-S w temperaturze
600°C (w % wag.)

Fig. 4. Przekrdj izolermiczny ukladu trojskladnikowego Fe-Co-8 w temperaturze
T00°C (w % wag.)

Fig. 5. Zaleznobé pomiedzy charakterem chemicznym rozlworu slatego (I'e,Co)S, a pa-
rametrem a, komorki elementarne|

Herp BHITTOMHPCKH

HCCIIEJLOBAHHS TPOUHOU CUCTEMBI Fe-Co-S B NPEAEJAAX
TEMIEPATYP 700—500°C

Peaswowpe E
Cuerema Fe-Co-8 aBaseTcs qacrhio IATHKOMIOHEHTHON cHereMbl Fe-Co-

~Ni-Cu-8. INonnoe HIYHEHUE STOM CHCTEMBI CYIECTBRHHO ¢ TOYKM SPCHHA HH-
TEPUPETALHH YCAOBHI 06PA3OBANNA HEKOTOPEIX, BAXKHBIX TAK B [eONOFHYEC:
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KOM KdK i SKOHOMHUYECKOM CMBICAE, MATMATHYECKHX MECTODPOMKACHHNA JMKBA-
ILHOHHOIO THIIE,

B cuereme Fe-Co-S cymectsyer npephLisucTbit TBepibiit pactsop FeS,-
-CoS,. Pacrsopumoctt CoS, B FeS, 0MeHb OrpaHHUCHA | BEJTHUHHA e COCTa-
paser nuke 2 pec, %. C apyroft eropousl, pactsopumocts FeS, B CoS, ouensb
JHAYUTENIbHA M OTUETINBO YBeJNHuHBaercs ¢ rtemneparypoil (500°C — 37
Bec. % FeSy; 600°C — 60 nec. Y FeS,: 700°C — 75 pec. Y FeS;). Pacteops-
mocth FeS, B CoSy focTHraeT MakcuMym o Temnepatype 735 +3°C, coera-
ass 80 Bec, %. B sroil remneparype rakke umeer Mecto oGparHan peakiiii

Y eleti= Ve ng == 17, o

HaoGopor, pactsopumocts cyabduia skeneda b CosS,y ¢ YBCAHUCHIHEM TeMIle-
paTypul ymenbaeres. Poet Temueparypnl 0TUETIMBO BIANACT HA YBEIHUEHHE
PACTBOPHMOCTH ¢yibhuia Kobanbra B MOHOCYAB(UILE KeTe3a BAOAL CeUeHnsl
Me5-CoySy. B remneparype 500°C FeS npunumaer B ¢Boio cTpykrypy 16
ec. %, B 600°C — 30 Bee. % a B 700°C — 38 pec. Y% CoySs. C aApyroit cropo-
HOI PACTBOPUMOCTL FeS B CogSy ¢ YBEAHUEHIEM TEMNEPATY Phl HE H3MEHAETCH
i cocrapiser okono 20 pec, % FeS. Tounoe onpepenenne pazoBelx rpanHil
OoraToil METaMIOM HACTH CHCTEMLI Fe-Co-S pentreHorpauueckuM, MuKpo-
CKOIMHYECKHM H TEPMUMCCKHM METOAAMH HEBO3MOKHO M TPEOVET MabHeHInX
HCCHEMOBA I,

OBBACHEHMS K @HIVPAM

Dur. | Munepanst i nexyeersennne qiaan tpofiuoit cliicremsl Fe-Co-S (5 pec. %)

Dur. 2. Maomerpiueckoe ceuenne tpoitnoil cueremst Fe-Co-8 8 temumeparype 500°C (g pec.
)

Dur. 3, Maomerpnueckoe ceuentiie rpoiinofl cuctems Fe-Co-S o remneparype G00°C (8 Bec.
)

Qur. 4. Hsomerpnueckoe cenenne rpoitiofl cueremsl Fe-Co=S B remneparype 700°C (s sec.
)

Gur. 5. BaauMosaBICHMOCTL XUMHIECKOrO XapaKkTepa Toeproro pacrsopa (Fe,Co)S, u napa-
METPA (g SAEMBHTAPHON Aueliky
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