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CALORIMETRIC SEARCH FOR THE DISCONTINUITY IN Fe.96S—Nig.96S

SOLID SOLUTIONS
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Heat capacity of unstable quenched solid solutions (Fe; xNix).06S was measured by DSC (enthalpy method and scanning heating).
According to optic microscopy and X-ray powder diffraction, the samples are homogeneous phase of NiAs type with unit cell pa-

rameters changing regularly with composition.

Heat capacity changes with composition irregularly due to the difference in magnetic properties of the end members:
C,/1.96R=4.1 for Fe-rich samples and 3.3 for Ni-rich ones. There is no exact limit between two types of magnetic ordering. Instead,
samples with intermediate composition (0.7<x<0.8) show large fluctuations in C, due to the inconsistency of alternative (FeS and

NiS) types of magnetic ordering.
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Introduction

Monosulfide solid solutions (mss) Fe; (S—Ni; .S are
common in metallurgical processes [1-3] and natural
sulfide ores [4-8]. Synthesized at high temperatures, the
homogeneous phases are stable at temperatures
above 600°C. If cooled down to room temperature
slowly, the mss decay into two phases: pentlandite
(Fe,Ni)o 14Sg and Fe-enriched mss [9]. Quenched into
water, the mss remain homogeneous at room tempera-
ture for indefinitely long time. Again, the quenched mss
decay into pentlandite and Fe-enriched mss if heated
above 220°C. We investigated the decay of the meta-
stable samples by means of DSC and X-ray powder dif-
fraction [10]. Inconsistency between magnetic struc-
tures of the end-member phases was suggested to be the
reason of the decay of intermediate mss. At room tem-
perature, there is magnetic order in FeS, but not in NiS.

Unit cell parameters of the quenched mss vary
regularly with the Fe/Ni ratio and does not reveal any
discontinuity [10]. It is not surprising fact because
even drastic changes in magnetic or ferroelectric or-
dering, exibiting themselves as the second-order [11]
or first-order phase transitions [12], cannot be de-
tected in the unit cell parameters sometimes. Synchro-
tron radiation S K-edge XANES spectra of the mss
also show regular changes in the energy of interaction
between atoms, without any discontinuity [13].

Our attempt to investigate directly the magnetic
properties (magnetic susceptibility) of the mss has
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failed. The readings were found to change significantly
during the experiments under variable magnetic field
and/or temperature (Drebushchak and Kuropyatnik,
unpublished). Such an investigation turned out to deal
with the kinetics of the transformation in the magnetic
ordering under diffusion of magnetic ions in a solid,
but not with the magnetic state itself. High mobility of
Fe and Ni atoms in the mss near 100°C was proved by
DSC and X-ray powder diffraction [14].

Magnetic ordering in a phase produces a contribu-
tion into its heat capacity. Differences in the magnetic
properties of the crystals even with the same structure
must result in the differences in their heat capacities.

The objective of this work was to measure the
heat capacity of quenched samples of the mss. Dis-
continuity in the relationship between C, and Fe/Ni
ratio can indicate the limits in the composition of the
mss with identical type of magnetic ordering. This, in
turn, can either support or reject the hypothesis about
the key role of the inconsistency in the magnetic
structures of end-member phases in the instability of
mss with intermediate composition.

Experimental

Eleven quenched samples with the composition of
(Fey xNix)ogeS (x=0, 0.1,..., 1) were synthesized from
reagents Fe, Ni, and S of high-purity grade. The
charges were sealed in an evacuated silica tube,
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heated up to the melting, kept at 900°C for 12d, and
then dropped into water at room temperature. The
quenched samples were analyzed by optic micros-
copy and X-ray powder diffraction and found to be
homogeneous crystalline solid solutions with the
hexagonal unit cell.

Two types of calorimetric measurements were
carried out: (1) scanning heating at a heating rate
of 3 K min™" using DSC-30 of the Mettler TA-3000
System and (2) step heating (enthalpy method) using
DSC-111 Setaram.

In the scanning heating measurements, the re-
producibility of the results was estimated after eight
series of blank runs and the standard deviation of the
DSC signal turned out to be of 0.13 mW at 400 K.
Sample masses ranged from 65 to 85 mg, and the
irreproducibility in the DSC signal produces the stan-
dard deviation in C, of 0.03-0.04 J g”' K™'. All syn-
thesized mss samples were measured in the scanning
heating mode.

The DSC-111 was calibrated against a-Al,O;. All
the step heating measurements were carried out using
only one aluminum crucible. The accuracy of the mea-
surements was about 1%. In general, very accurate
measurements are optional for the evaluation of ther-
modynamic functions of quenched samples because
unstable phases are not quite suitable object for careful
thermodynamic investigations, but the objective of this
work does need very accurate data on C,. In the
step-heating experiments only samples with x=0, 0.1,
0.2, 0.8, 0.9 and 1 were investigated. Samples with
x=0, 0.1, 0.8, 0.9 and 1 do not exsolve pentlandite dur-
ing the experiments with certainty, remaining homoge-
neous even after the slow cooling down to room tem-
perature. Sample with x=0.2 remains homogeneous af-
ter the heating up to 580 K. The sample masses
were 680.96, 743.88, 792.01, 820.50, 909.05 and
793.05 mg for x=0, 0.1, 0.2, 0.8, 0.9 and 1, respec-
tively. In the step heating experiments, the temperature
increment of 10 K was used. The measurements were
repeated with the temperature increment of 3 (x=0.1,
0.9 and 1) or 4 K (x=0.8), over a temperature range
where the phase transition takes place.

X-ray powder diffraction (XRD) experiments
were carried out using diffractometer DRON-3. The
experiments were performed according to the recom-
mendation of the International Center for Diffraction
Data and three of eleven XRD patterns were included
into the ICDD database: entries 50-1788 (Feg96S),
50-1789 (F€0'48Ni0‘4gS), and 50-1791 (Nl()%S)

Results and discussion

The results of the step-heating measurements are
listed in Table 1. Unsmoothed experimental values al-
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low one to make sure that the heat capacities
reproduce very well both within one run and among
different series. All the samples undergo the phase
transition at temperatures near 350 K. Step heating is
not quite suitable way for calorimetric measurements
of such a phenomenon because the heat effect that ac-
companies the transformation is smeared in time, and
the measured heat flow during the transition relaxes
very slowly, corrupting the baseline and increasing
inaccuracy. In investigating the ‘regular’ heat capac-
ity rather than the peak of the transition, we applied
special procedure for the accurate measurements. As
the inverse phase transition at room temperature (i.e.,
from high-temperature to low-temperature state after
the cooling) needs a time to allow the sample to return
back into the starting state, immediate start of the sec-
ond run just after the cooling keeps the sample in the
high-temperature state. At the second heating, the
phase transition was not detected for the samples with
x=0.1 and 0.9, and only the regular heat capacity was
measured. For the sample with x=1, small peak of the
phase transition repeated. For the sample with x=0.8,
large peak of the phase transition was measured at the
second heating, that will be discussed below.

For all the substances, heat capacity is a smooth
function of temperature above 390 K. We chose the
point 7=400 K to search for the changes in the heat ca-
pacities of the solid solutions. The heat capacity derived
from the scanning heating experiments is nearly con-
stant within the limits of experimental error for the sam-
ples with x ranging from 0 to 0.6, and close to the values
measured by step heating. It is evidently less for x=0.8,
0.9 and 1, both for step and scanning heating. For x=0.7,
the heat capacity is extremely large. The results for the
sample with x=0.7 were found to be irreproducible. Fig-
ure 1 shows the results after three runs, one at 3 and two
at 5 K min"'. There are the peaks, ‘regular’ heat capaci-
ties, and heat release in the curves. The values of ‘regu-
lar’ heat capacity differ as much as 50% near 7=400 K.

400 7
300

200

Cp/J mol lg-!

100 4

0 T T T T T 1
300 325 350 375 400 425 450
Temperature/K

Fig. 1 Irreproducibility of DSC results at scanning heating for
the mss with x=0.7. First run at 1 —3 K min", 2 — sec-
ond run at 5 K min ! and 3 — third run at 5 K min™"
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Table 1 Experimental heat capacities of the mss

7K CHg'K' TK chg'K' TK chg'K! T/K C/lIg'K! K Clg'K!
x=0 364.5 0.749 349.6 0.631 323.2 0.579 364.5 0.621
314.8 0.647 374.4 0.753 3535 0.562 326.2 0.587 374.4 0.645
374.4 1.398 384.3 0.757 3575 0.551 329.2 0.591 384.3 0.604
384.3 0.775 394.3 0.763 364.5 0.551 3322 0.594 394.3 0.607
394.3 0.776 4042 0.767 374.4 0.550 3352 0.595 4042 0.610
4042 0.776 414.1 0.767 3843 0.551 338.1 0.598 414.1 0.610
414.1 0.780 424.1 0.770 3943 0.551 341.1 0.593 424.1 0.615
424.1 0.779 434.0 0.774 404.2 0.551 344.1 0.597 404.2 0.607
434.0 0.789 444.0 0.778 414.1 0.550 347.1 0.596 414.1 0.608
404.2 0.778 x=0.2 424.1 0.551 350.1 0.598 424.1 0.614
414.4 0.780 334.7 0.710 434.0 0.552 353.0 0.600 434.0 0.617
4241 0.783 344.6 0.722 444.0 0.551 356.0 0.597 444.0 0.623
434.0 0.788 354.5 0.728 x=0.9 359.0 0.604 344.1 0.583
444.0 0.790 364.5 0.739 314.8 0.573 362.0 0.598 347.1 0.586
453.9 0.789 374.4 0.748 324.7 0.583 365.0 0.600 350.1 0.592
463.8 0.800 384.3 0.755 334.7 0.591 367.9 0.601 353.0 0.595
4738 0.790 394.3 0.763 344.6 0.598 370.9 0.603 356.0 0.600
483.7 0.811 404.2 0.768 374.4 0.643 373.9 0.603 359.0 0.605
493.6 0.824 414.1 0.774 3843 0.606 376.9 0.603 362.0 0.613
x=0.1 424.1 0.784 3943 0.608 379.9 0.605 365.0 0.616
314.8 0.682 434.0 0.790 404.2 0.607 382.8 0.605 367.9 0.624
324.7 0.727 444.0 0.798 414.1 0.609 385.8 0.604 370.9 0.633
331.2 0.732 453.9 0.802 424.1 0.611 388.8 0.607 373.9 0.642
334.2 0.736 463.8 0.815 434.0 0.615 391.8 0.609 376.9 0.642
337.1 0.736 4738 0.821 444.0 0.618 394.8 0.615 379.9 0.613
340.1 0.740 x=0.8 453.9 0.617 397.7 0.611 382.8 0.602
343.1 0.739 313.8 0.511 463.8 0.619 x=1 385.8 0.600
346.1 0.736 317.8 0.518 473.8 0.619 314.8 0.570 388.8 0.602
349.1 0.739 321.7 0.529 483.7 0.621 324.7 0.575 391.8 0.601
352.0 0.741 325.7 0.540 3143 0.569 334.7 0.586 394.8 0.604
355.0 0.745 329.7 0.557 3173 0.573 344.6 0.589 397.7 0.604
358.0 0.747 333.7 0.578 320.2 0.582 354.5 0.601

At the same time, one should point out that the sample
remains homogeneous after experiments and long stor-
age at room temperature. During the second run at a
heating rate of 5 K min™' the heat capacity at 400 K was
62 J mol ™! K. This is close to the values of 66.6, 65.9
and 66.5 J mol”' K™' measured with step heating for the
solid solutions with x=0, 0.1 and 0.2, respectively.

Heat capacity as a function of composition

To compare the heat capacities of substances varying in
formula mass and in the number of atoms in the formula,
it is necessary to recalculate the experimental values
into the degrees of freedom. For the Feg 9sS—Nip 96S solid
solutions, it is C/1.96/R, where R is the gas constant.

J. Therm. Anal. Cal., 89, 2007

The results are shown in Fig. 2. Heat capacities of
iron-rich solid solutions are greater than those of
nickel-rich samples by about one degree of freedom.
This difference is nearly equal to the change in the heat
capacity when an iron-rich solid solution undergoes
phase transition into paramagnetic state [10]. Heat ca-
pacity of mss with x=0.8 is equal to the classical value
C,=3R (Dulong—Petit). For pyrrhotites with various
metal-to-sulfur ratios, the numbers of degrees of free-
dom are 4.21 (FeS [15]), 3.67 (FeooS [16]), 3.65
(FeosoS [15]), and 3.56 (Fegs75S [15]). Pyrrhotite with
composition FegggS in [15] is most close to our mss in
the metal-to-sulfur ratio, but it has the phase transition
near 400 K. Heat capacity decreases after the phase tran-
sition, reaching the least value at 440 K and then grows
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Fig. 2 Number of the degrees of freedom in the heat capacity
of mss as a function of the Fe/Ni ratio. The standard de-
viations of the results of enthalpy method are less than
the size of marks (open circles). Results of scanning
heating (filled circles) for the sample with x=0.7 are
shown for three runs (Fig. 1)

again. For 440 K, Fe;gS has 4.10 degrees of freedom.
Figure 2 shows that the regular heat capacities at 400 K
are nearly constant for the mss with 0<x<0.6 at constant
metal-to-sulfur ratio of 0.96.

In considering the changes in the heat capacity
of nonstoichiometric ternary solid solutions
(Fei_«Niy);_yS caused by the changes in the Fe-to-Ni
and metal-to-sulfur ratios, one can distinguish the ef-
fects of the metal substitution (x) and vacancies (y).
Both vacancies and nickel atoms act as defects in the
magnetic lattice formed by Fe atoms in pyrrhotite, but
the vacancies change ‘regular’ heat capacity and the
nickel atoms do not.

Heat capacity of NiS was discussed in [17]. The
careful measurements of a synthetic sample show that
its heat capacity depend on thermal history. At heat-
ing started from 260 K, stoichiometric NiS can be-
have either like stable phase ‘millerite’ or like unsta-
ble phase of NiAs-type. The latter transforms
exothermally into stable ‘millerite’ at temperatures

Table 2 XRD data (d/I) for monosulphide solid solutions

above 340 K [17]. It is interesting that the heat capaci-
ties of metastable and stable phases of stoichiometric
NiS are close to those of the solid solutions with x=1,
0.9 and x=0.8, respectively. Such a similarity is not
quite understood. In considering chemical composi-
tion, the mss with x=1 and 0.9 are much alike to
stoichiometric NiS than that with x=0.8 and they must
be evidently much stable than the latter. Nevertheless,
this is the fact that the monosulfide solid solution with
x=0.8 differ in heat capacity from those with x=1
and 0.9 as if their structures differ drastically:
millerite is thombohedral (hexagonal unit cell with
a=0.96 nm, ¢=0.315 nm) and NiAs-type phase is hex-
agonal (¢=0.34 nm, ¢=0.535 nm). At the same time,
no such a difference in structure is observed in the se-
ries of mss. Unit cell parameters derived from XRPD
patterns for the whole series of the mss are listed in
Table 2. For eight peaks, their interplanar spacing and
amplitude are indicated. First of all, it is evident from
the table that no drastic change in the structure of the
solid solutions takes place when the composition
changes from Fego6S to NiggsS. The indexes for all
the samples are based on the hexagonal unit cell of
NiAs-type. It is not surprising that the mss with
0<x<0.8 are of the NiAs-type. The heat capacity of
the mss with x<0.7 is similar to that of pyrrhotite
which in turn is of NiAs-type. The heat capacity of the
mss with x=0.8 is close to that of the unstable NiS
phase which is of NiAs-type too. It is very surprising
that the mss with x=0.9 and 1 have the heat capacity
similar to that of stable millerite but the structure sim-
ilar to the NiAs-type. The only evident difference be-
tween XRD patterns of the mss with x<0.85 and
x>0.85 is the highest peak: (100) for Nig ¢S instead of
(102) for Feg6S. Unit cell parameters (a, b, ¢, o, B, ¥)
and the interplanar distances (d) characterize the ge-
ometry of a structure, i.e., the positions of atoms.
These change regularly with the Fe-to-Ni ratio in the
quenched mss. The intensity of a reflection (/) de-

Solid solution Reflections h & 1
100 002 101 102 110 103 200 201
Feg063 2.98/51 2.903/8 2.652/56 2.083/100 1.722/34 1.624/6 1.492/2 1.452/5
(Feo.oNig.1)0.96S 2.985/44 2.869/5 2.648/50 2.069/100 1.724/31 1.611/7 1.492/2 1.445/4
(Feo.sNig2)0.96S 2.98/46 2.856/6 2.644/46 2.064/100 1.722/30 1.607/4 1.491/3 1.444/4
(Feo.7Nig3)0.96S 2.98/51 2.842/6 2.640/52 2.057/100 1.722/35 1.599/6 1.491/3 1.442/5
(Feo6Nig.4)o.06S 2.98/57 2.822/5 2.637/50 2.050/100 1.721/35 1.592/6 1.490/3 1.441/4
(Feo.sNig.s)0.06S 2.98/86 2.805/4 2.635/66 2.043/100 1.722/53 1.581/4 1.490/5 1.441/5
(Feo.4Nig6)0.96S 2.98/50 2.774/3 2.626/40 2.033/100 1.719/31 1.571/4 1.488/3 1.438/4
(Feo3Nig7)0.96S 2.98/80 2.763/6 2.622/50 2.025/100 1.720/40 1.566/6 1.490/3 1.439/4
(Feo2Nig8)o.96S 2.98/77 2.747/6 2.613/69 2.020/100 1.718/77 1.559/7 1.489/7 1.437/8
(Feo.1Nig.9)0.96S 2.98/100 2.678/2 2.603/37 1.993/52 1.717/70 1.529/4 1.485/5 1.432/4
Nig.06S 2.97/100 2.667/4 2.600/51 1.986/75 1.717/52 1.523/5 1.485/5 1.430/5
306 J. Therm. Anal. Cal., 89, 2007
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pends on the spatial electron density distribution, and
the functional relation can be very complicated for
new materials with unusual properties, e.g., for
stoichiometric superionics [18]. The intensities
turned out to change evidently and we can deduce that
the electron density distribution changes as well.

Limit between Fe- and Ni-rich mss

In the previous report we defined the least value for
the Fe content of the mss when the quenched sample
decays at heating, exsolving pentlandite [10]. It was
the estimate of the discontinuity border for the solid
solutions. Investigating the heat capacity of the mss in
this work, we can search for the border more
accurately. According to the heat capacity values, the
sample (Feo,Nigg)ooeS belongs neither FegoeS-type
nor NigeeS-type. Again, the irreproducibility in the
heat capacity of (Fep3Nigp7)0.06S shows the instability
of the sample. Probably, neither of two competing
phases with different electronic structures has the
preference in the range of 0.7<x<0.8.

One can conclude that there is no single border
value for the composition of the mss, but the region
with strong fluctuations in the electronic structure of
intermediate compositions. In our investigations, the
temperature of magnetic transition, enthalpy, and heat
capacity of the mss with x=0.7 change drastically after
heating—cooling cycles, but no changes in its compo-
sition were detected, and the sample remains homoge-
neous and crystalline. The heat capacity of the mss
with x=0.8 turned out to be different from both
end-member phases, neither FeS nor NiS. Contrary to
other mss, that sample showed large peak of the phase
transition near 350 K at the second run in the step-
heating experiments.

Conclusions

Accurate C, measurements of unstable quenched sam-
ples of monosulfide solid solutions support the hypoth-
esis that the incompatibility in the magnetic ordering
between end-member phases of FeS and NiS is the rea-
son of instability of intermediate compositions. Heat
capacity corresponds to 4.1 degrees of freedom for
Fe-rich mss and 3.3 for Ni-rich ones. No exact limit be-
tween two types of magnetic ordering is there in the
Fe/Ni ratio of mss, but rather transitional region where
the fluctuations in magnetic properties manifest them-
selves in the irreproducibility of heat capacity.
End-member phases differ in magnetic ordering but
identical in structure. As magnetic order is formed by in-
teracting electrons, X-ray powder diffraction shows great

J. Therm. Anal. Cal., 89, 2007

changes in the intensity of reflections due to the changes
in the electron density functions of 3d-atoms.
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