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The phase relations of the Fe,;_,Co,S system have been established by the X-ray powder diffraction
method and Jead to the characterization of two regions on both sides of the composition x = 0.17 when
samples are quenched from 700°C to room temperature. Ageing effects and thermal treatments through
the transition T, are discussed with respect to the phase diagram in order to explain the mechanisms of

the phase transformations.

1. Introduction

At T, = 425 = 2 K, stoichiometric FeS
exhibits by heating a first order phase tran-
sition 2C — 1C. The high temperature 1C-
phase crystallizes in the NiAs (Bg) struc-
ture. The low temperature 2C-phase is a
slightly distorted model of the NiAs struc-
ture, in which the elementary cell can be
described as a superstructure (aV3, 2¢) of
the 1C-phase (I, 2). More recently, King
and Previtt have described another high
temperature 1C-phase which exhibits a dif-
fuse superstructure (2a, c), close to the
NiAs structure (3). The transition 2C — 1C
is endothermic and is associated with a
drastic volume contraction. Another
change in physical properties like resistiv-
ity and magnetic susceptibility is also found
at the transition stage and has been re-
ported by several authors (4-7).

In the Fe;_,Co,S system, a continuous
solid solution (NiAs type) between FeS and
CoS can be obtained by quenching from
high temperature (=700°C) to room temper-
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ature. This solid solution has been partially
described by several authors for x < 0.15
and some of its properties have been re-
ported (8—11). In this system, a first order
phase transition can be observed as in FeS.

Here we report the results of our investi-
gations on the full range of compositions
and also present some new characteristics
of the T, transition. We show that the tran-
sition is sensitive to

—Co contents,

—ageing effects,

—thermal treatments.

II. Experimental Procedures
(1) Synthesis

(a) The Starting Materials

FeS and CoS were prepared by reaction
between pure elements. Fe and Co were
previously heated in a current of hydrogen,
at 900°C for 1 day, to prevent any oxidation
of the starting metal. Immediately after, the
metal was mixed in an appropriate ratio with
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pure sulfur. This mixture was heated gradu-
ally from room temperature to 700°C in an
evacuated silica-glass tube for 2 weeks and
quenched in cool water. Then the material
was reduced to powder, heated once more
at 700°C for a week, and quenched in cool
water. In fact, it is impossible to obtain ex-
actly stoichiometric CoS, but rather a mix-
ture of Co;_,S with a small amount of
CooS3, as it has been established by Rau
(12). Therefore, this mixture can be used to
prepare the solid solution and any trace of
CooSg can be detected in the Fe,_,Co,S
solid solution.

(b) The Solid Solution

The solid solution was prepared by mix-
ing the required quantities of CoS and FeS.
The mixture was put in a evacuated silica
tube, heated at 700°C for a week, quenched
in cool water, reground in a mortar to ob-
tain a good homogeneity, and annealed
once more at 700°C before being quenched
at room temperature.

In these experimental processes, two
points have to be taken into account: the
stoichiometry of the phases and the ther-
modynamic equilibrium of the materials at
the temperature of quenching.

Special care was taken to ensure that the
samples, prepared by the above method,
did not present an important deviation from
the stoichiometry of the metal/sulfur ratio.
It would be actually more convenient to
write the general formula of the solid solu-
tion: [Fe;_.Co,]i-sS, in which & indicates
the metallic vacancies. Nevertheless, 8 is
estimated to be near zero and cannot be
determined by microprobe analysis. It is
well known that the amplitude of the 7,
transition of Fe;_sS is strongly reduced
with respect to iron vacancies. By increas-
ing 8, the T, transition disappears com-
pletely while a ferrimagnetic behavior is ob-
served at room temperature for 6 = 0.10,
near the composition Fe;Ss.

Therefore, we have prepared, under the
same experimental conditions, the nonstoi-
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chiometric phases for 6 = 0.02 and § =
0.05.

For a given value of the metallic ratio Co/
Fe + Co, and by increasing 8, we note an
important decrease of the amplitude of the
T, transition and the hysteresis in the mag-
netic and thermal properties at the transi-
tion which are broadened very strongly.
Nevertheless, in no case, is a ferrimagnetic
behavior at room temperature observed,
corresponding to a (Fe, Co);Sg composi-
tion. With these supporting remarks, we as-
sume that the phase composition is close to
the stoichiometry. Fe;_,Co,S will be used
henceforth to represent the formula [Fe,_,
Cox]I—SS-

Concerning the thermodynamic equilib-
rium of the material at the temperature of
quenching, the samples are annealed, after
a first synthesis, for 2 weeks at 700°C. We
have noted that the duration of annealing at
this temperature was sufficient.

Various annealings have been carried out
on a same composition. Results are as fol-
lows:

—No changes have been observed (1) on
samples annealed at 700°C either for 2
weeks or 3 months, (2) by repeating the
same sample an annealing at 700°C for three
times for 2 weeks.

—Some samples also have been pellet-
ized in order to be sintered either at 700°C
or at higher temperature in vitreous carbon
crucibles, without changes in the behavior
of the samples.

—Annealings at lower temperature (in-
deed, above the temperature of the T, tran-
sition) do not indicate little change either in
the composition of the sample or in the tem-
perature T, of the unaged specimen.

(2) Experiments

Several kinds of measurements have
been carried out on these samples.

Crystallographic determinations have
been performed by X-ray powder diffrac-
tion methods, with a Guinier-L.enné camera
using Si as standard.
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Fi1G. 1. Lattice parameters measured at room temperature of Fe,_,Co,S quenched from 700°C,
versus composition (n is calculated from the nominal composition).

The T, transition has been studied either
by DTA or magnetic measurements (Fara-
day method), in the temperature range 77—
500 K.

Ageing effects and thermal treatments
have been mainly performed by DTA. En-
tropy and enthalpy changes at T, have been
calculated after calibration of the DTA ap-
paratus. For determination of transitions
near room temperature, Ga has been used
as standard.

II1. Results

(1) Crystallographic Data

Lattice spacing parameters of Fe,_,Co,S

have been measured for samples quenched
from 700°C to room temperature (Fig. 1).

The phase diagram exhibits two distinct
regions: one, for 0 = x < 0.17, the other, for
0.17<x=1.

—For 0 = x < 0.17, a superstructure
aV’3, 2¢ of the NiAs type is observed (2C-
phase).

—For 0.17 < x =< 1, the phase exhibits a
pure NiAs form (1C-phase). Weak diffuse
X-ray lines of the superstructure (2a, c) are
sometimes observed around the composi-

tion x = 0.20 and indicate a short range
order.
—Usually, for x = 0.17, 2C- and 1C-

phases are mixed for this composition.
—For x > 0.60, compositions are not



194

BARTHELEMY AND CARCALY

Fa‘_xCoXS (0gX€O0.1T)

1] 'l'/
unaged specimen
\ .- 'l'\
* 4 ti ed |. T/
on me a
o\ 9 ] o T.
|.400
\ first heating .caoling run)
.
3 o
|- 380
- 380
3
.- 340
A
\.
320 ‘
\\.\
i \
W\
AW
|-.300 \ '\‘
aging temperature '\
| 2C_phase h \i 1c_ phase
' %Co
H —
L A . A L P
0 L] 10 13 20

Fi1G. 2. Transition temperature of Fe,_,Co,S versus composition, in the 2C-phase. Measurements
have been performed either just after quenching, or after a sufficiently long time.

well established because a mixture of the
1C-phase and CooS; is generally precipi-
tated.

—For x > 0.17, it is necessary to quench
the 1C-phase. If this is not the case, the
composition is segregated into 1C-, 2C-
phases and Co,Ss.

(2) The Phase Transition

The transition is very sensitive to several
parameters such as: Co contents, ageing ef-
fects, and thermal treatments. So, measure-

ments have been performed either on un-
aged specimens, just after quenching, or on
specimens aged for a sufficiently long time
at room temperature.

(a) Influence of Co Contents

—Results on unaged specimens are as
follows: in the forward direction (i.e., heat-
ing rate for x > 0.17; cooling rate for x <
0.17):

—T, decreases with increasing x. Figures
2 and 3 show the variations of T, versus
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composition respectively in the 2C- and 1C-
phases. Magnetic susceptibility as a func-
tion of temperature for various composi-
tions of the 2C-phase is plotted in Fig. 4.

—The transition is endothermic by heat-
ing, exothermic in the reverse direction.

—The amplitude of the transition is
strongly reduced with increase in Co con-
tent. The entropy change at T, for x = 0 has
been estimated ASyc.ic = 5 J K~ mole™!,
for the transformation 1C — 2C, in the 1C-
phase, we have calculated an entropy
change AS;co2c = 2.5 K- mole~! for x =
0.22.

For x > 0.30, the transition is not de-
tected.

—The width of thermal hysteresis is
within several degrees and seems to in-
crease for x > 0.17 (1C-phase).

(b) Ageing Effects

When specimens are aged at room tem-
perature, a typical behavior is observed in
each region of the solid solution. Measure-
ments as a function of time have been car-
ried out on various specimens of fixed com-
position either in the first heating—cooling
run (x < 0.17) or in the first cooling-heating
run (x = 0.17).

Results are as follows:

(i). The 2C-phase. For x < 0.17, ageing
temperature is below the transition temper-
ature of the 2C — 1C transformation.

—For a given value of x, in the forward
direction (first heating run), T, gradually in-
creases with the lapse of time and reaches
its final value about 3 weeks later. The re-
verse transition (i.e., first cooling run) is
not so sensitive to ageing effects and we
observe an increase of the thermal hystere-
sis by ageing. Figure 5 shows these varia-
tions for the Fey3sC0p.15S composition.

—Small fluctuations in entropy and en-
thalpy changes at 7, are observed during
the ageing process and indicate that the 2C-
phase is stabilized by ageing. Determina-
tions of AS and AH at the transition point
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FiG. 3. Transition temperatures of Fe,_,Co,S versus
composition in the 1C-phase, on unaged and aged
specimens.

are reported in Fig. 6 for the FeggsCog.15S
composition.

—For a given composition, no crystallo-
graphical differences are found in X-ray di-
agrams, between unaged and aged speci-
mens.

—An increase in T, depends on composi-
tion: about 20 K for x = 0.15, while no age-
ing effects are detected for x < 0.05 (Fig. 2).

(ii). The 1C-phase. Over this range of
compositions, the temperature of the tran-
sition 1C — 2C is below the ageing temper-
ature. The transition 1C — 2C is exother-
mic, hence it can be expected that the
annealing at room temperature of the 1C-
phase produces some transformations in
the 1C-phase.
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F1G. 4. Magnetic susceptibility as a function of temperature for various compositions of the 2C-
phase on unaged specimens just after quenching and aged specimens.

Ageing effects are as follows. For a de-
termined composition, in the forward direc-
tion (first cooling run), we observe:

(¢) THE STABILIZATION OF THE 1C-
PHASE. At first, T, decreases and seems sta-
bilized by ageing (Fig. 7).

® The stabilization of the 1C-phase is ac-
companied by some variations of the en-
tropy and enthalpy changes at 7,, during
the ageing process (Fig. 8).

@ No change in lattice parameters are no-
ticed during this ageing time.

(B8) THE DECOMPOSITION OF THE 1C-
PHASE. Several months later, we observe
the broadening of X-ray lines, consecutive
to a slight distortion of the unit cell (c is
increasing and a is decreasing), and the
vanishing of the transition.

® For specimens which have been aged
for a very long time, the transition disap-
pears completely at low temperature and a
1C — 2C transformation can be observed.
Magnetic measurements for the composi-
tion Feg gCo0o.20S illustrate the phase trans-
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F1G. 9. Magnetic susceptibility as a function of temperature for Feg 30C00.2S, showing the decompo-

sition of the 1C-phase by ageing.

formation of the 1C-phase by ageing (Fig.
9.

® Ageing effects in the 1C-phase depend
on composition and increase with x (Fig. 3).

(¢) Thermal Treatments

Thermal treatments through the transi-
tion have been performed by subsequent
heating—cooling runs on the same sample,
either just after quenching, or aged at room
temperature. Results are quite different in
the 2C- and 1C-phases.

(i) The 2C-phase. Figure 10 shows the

typical behavior of the transition for Feggs
Coy.15S, aged for a sufficiently long time at
room temperature. By subsequent heating—
cooling runs on the same sample, through
the transition, T, decreases gradually and
returns to the initial value observed for the
unaged specimen. Relatively extended ef-
fects as a function of ageing time in the en-
tropy change are noticed at the transition in
the forward direction (first heating run) of
the thermal treatment. Figure 11 shows the
entropy changes at the transition, in the
first heating run, as a function of elapsed
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time, on the same sample of composition
Feg55C0y.15S. On the other hand, we notice
that unaged specimens are not very sensi-
tive to thermal treatments.

(ii) The 1C-phase. Thermal treatments
through the transition have been performed
on the composition FeggCog.20S, either on
unaged specimens, or a sufficiently aged
one. Figure 12 shows that 1C-phase is
never affected by thermal treatments. This
result suggests that the mechanical proper-
ties of the 1C-phase and the 2C-phase are
quite different. We assume that the 1C-
phase can be deformed plastically at the
transition, while the specimens of the 2C-
phase are brittle when they pass by heating
through the transition.

IV. Discussion

(1) The Solid Solution

By quenching from 700°C to room tem-
perature, the Fe;_,Co,S system exhibits
two distinct regions of solid solution, on
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Fi1G. 11. Entropy changes at the transition by thermal treatments on FegsC0q.15S, as a function of
time, compared to entropy changes by ageing on various specimens of the same composition. For each
value of ageing time, thermal treatments, on the same sample have been performed by making a
succession of ten subsequent heating—cooling runs in order to return every time to the initial tempera-
ture of transition observed for the unaged specimen. Values of AS which are reported here correspond

to the first heating run of the thermal treatment.
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F1G. 12. Thermal treatments on unaged and aged
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the same specimen.

both sides of the composition Feg g3Cog 7S,
while a mixture is observed for x = 0.17.

A fall in temperature of the T, transition
is observed by increasing x and the transi-
tion lies near room temperature for x =
0.17.

This result can be considered a common
feature in the NiAs phases. Indeed, we
have previously reported such a conclusion
in the Ni;_,Fe,S system, quenched from
550°C to room temperature (I3, 14). In this
system we have found one phase for 0 < x
= (0.07, another one for 0.12 = x < (.25, the
¢ parameter of the second phase being
greater than that of the first one, and a mix-
ture of the two phases for 0.08 = x = 0.1 in
which the transition temperature lies near
room temperature. Although no superstruc-
tures have been found for x > 0.12, this
phase has to be compared on all points to
the 2C-phase of the Fe;_,Co,S system.
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(2) Ageing Effects

Two typical behaviors have been ob-
served in the 2C- and 1C-phases of the
Fe,_.Co,S system. In both cases, the T,
transition is stabilized by ageing, indicating
that the phase, initially in nonequilibrium,
passes gradually into equilibrium. Similar
data have been reported by Ohtani et al. in
the Ni;_,Fe,S system (I5). These authors
have studied various compositions of this
system which exhibit the crystallographic
transition above the ageing temperature.
Consequently, their results can be com-
pared, in the present case, to those ob-
served for specimens of the 2C-phase. Ac-
cording to their resistivity measurements at
room temperature, they conclude that age-
ing effects correspond to a relaxation phe-
nomenon, between a thermally nonequili-
brium state to equilibrium state, in which
the strain energy resulting of the volume
change at the transition is stored in the low
temperature phase and relieved by ageing.

We have checked that ageing effects can
be reproduced. Indeed, a specimen, aged
for a very long time, supposedly in equilib-
rium at room temperature, exhibits the
same ageing effects after annealing at 700°C
as before quenching.

Let us now consider the phase diagram of
the Fe,_,Co,S system.

Samples were prepared at 700°C and
quenched from this temperature to room
temperature.

At 700°C, we assume that the system ex-
hibits a continuous solid solution of the 1C-
type, the 1C — 2C transformation occur-
ring below this temperature on the whole
range of compositions.

With a fall in temperature, the disordered
high temperature 1C-phase becomes meta-
stable and can be changed into the ordered
2C-phase if the crystallographic transfor-
mation occurs above room temperature and
if the phase cannot be quenched whatever
the rapidity of quenching. This is the case
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for x < 0.17. For x > 0.17, T, lies below
room temperature and consequently these
compositions do not pass immediately by
quenching through the transition and can be
obtained at room temperature.

The transition 1C — 2C is associated
with a drastic volume expansion. If the ma-
terial is not sufficiently soft or quenched in
extreme conditions, the sample cracks
through the transition, and dislocations can
be produced, while strain energy is stored
in the material.

On the other hand, when a first order
phase transition occurs, two phases are si-
multaneously present during the transition.
If the sample is cooled rapidly, it is possible
to quench a nonequilibrium state in which
the 1C-phase is not completely transformed
into the 2C-phase. This seems not be the
case here because no extra lines of the 1C-
phase have been observed in the X-ray
charts of the unaged 2C-phases.

Ageing effects in the 2C-phase depend on
composition and increase with x. This
result suggests that the stabilization of the
2C-phase can also be considered as the or-
der—disorder process between Fe and Co
atoms. Unfortunately, it is not possible to
detect by X-ray powder diffraction any en-
hancement of the intensity of the super-
structure X-ray lines.

Nevertheless, we assume that disloca-
tions are the main factor controlling the
ageing process in the 2C-phase. This result
is supported by the effects of the thermal
treatments through the transition. How-
ever, further experiments have to be car-
ried out to understand clearly these phe-
nomena. The 1C-phase is quite different, it
is at first stabilized by ageing with a fall in
the temperature of transition. Thermal
treatments through the transition suggest
that this phase is relatively soft and can be
plastically deformed.

In X-ray charts of unaged specimens of
compositions 0.20 = x < 0.30 we have ob-
served some very diffuse extra lines which
can be attributed to the superstructure (2a,

BARTHELEMY AND CARCALY

¢) of the elementary cell, and which are
probably due to a local order.

If we assume that the plasticity of the 1C-
phase is sufficient at room temperature,
these weak correlations can be enhanced by
ageing and consequently contribute to the
stabilization of the 1C-phase. This hypothe-
sis is supported by the fact that, by ageing,
we observe a distortion of the unit cell in
which parameters a and ¢ vary inversely as
to direction, the decrease of the parameter
a indicating that correlations are probably
established in the hexagonal basal plane.
On the other hand, the shape of DTA peaks
at the transition is characteristic. Some-
what broadened in the forward direction
(by cooling) the peaks are always well de-
fined in the reverse direction (heating rate).
This observation suggests a displacive
mechanism for the transition 1C — 2C.

So ageing effects in the 1C-phase are ac-
companied:

(1) by an energy loss which contributes to
the stabilization of the 1C-phase and the
disappearance of the 1C — 2C transforma-
tion;

(2) by the distortion of the cell that leads
to the crystallographic transformation 1C
— 2C by ageing when the free energies of
the 1C and 2C phases are the same.

In fact, the mechanism of the crystallo-
graphic transformation 1C — 2C seems to
be more complicated. We have observed
that the transition temperature 7, of the
specimens aged for a very long time is not
very sensitive to the nominal composition
of the starting material and always lies
above room temperature (340 K < T, < 350
K) (Fig. 3).

This suggests that the last step of the
transformation by ageing of the 1C-phase is
rather a decomposition into a nonstoi-
chiometric (Fe,-.Co,);-sS 2C-phase and
CoyS;. This assertion is supported by two
observations:

(1) the segregation of the unaged 1C-
phase if the composition is cooled slowly
from 700°C to room temperature;
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(2) the difficulty to obtain without some
amounts of CosSs, the composition of the
1C-phase for x > 0.60.

However again, we suppose that the 2C-
phase which is formed by ageing is a ter-
nary composition. If it was not the case, the
T, transition of the very old specimens
would correspond to a nonstoichiometric
Fe,-sS with 8 = 0.05 (5). For such a compo-
sition, the amplitude of the transition is
strongly reduced with respect to iron va-
cancies. This is not in agreement with the
sharp increase of susceptibility observed at
the transition for the very old composition
Fe.30C00.20S (Fig. 9).

In conclusion, we have tried to explain
the typical behavior of the 2C- and 1C-
phases, with respect to the phase diagram.
Further work has to be done dealing with
the mechanism of these phase transforma-
tions.
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