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The sulfur and the nickel-sulfur binary systems are important in many fields. In this work, the pure sulfur is
remodeled within the framework of the third-generation database approach from 0 K to above the melting point.
Likewise, a new thermodynamic dataset is developed for the nickel sulfur binary system. The new thermody-
namic dataset provides a reliable description of all relevant intermetallic and non-stoichiometric phases. The
supercooled liquid described using the two-state liquid model is considered more realistic. An assessment on the
sulfur solubility in FCC nickel is also conducted in this work. The calculated phase diagram, thermodynamic and
thermophysical data show good agreement with the literature.

1. Introduction

The unary sulfur and the nickel-sulfur binary system are of signifi-
cant interest due to their importance in the field of mineralogy [1],
metallurgy [2], catalysts [3], superalloys [4], etc. Recent studies also
show promising applications of nickel sulfur as material for thermo-
chemical energy storage [5], low temperature sulfur-containing batte-
ries [6,7], or as a bulk metallic glass-forming system [8,9]. Many
developments and applications require a deeper understanding of the
behavior of the phases both in the sub-room temperature range and in
metastable states, e.g. the supercooled liquid state. However, little
attention has been paid in this regard by the second-generation ther-
modynamic database for pure sulfur and for the nickel-sulfur binary
system.

For decades, efforts have been made with the CALPHAD (Calculation
of Phase Diagrams) method to describe systems with a more physically
accurate description. The two-state liquid model was proposed by Agren
et al. [10,11], which gives a more reliable extrapolation for the super-
cooled liquid than the polynomial functions. The third-generation
database approach is proposed to extend the thermodynamic descrip-
tion down to 0 K with the Einstein function [12,13]. These models have
been applied to a number of systems, e.g., Cr-Ni [14], Al-C [15],
Fe-Mn-Ti [16], etc.
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It has become evident that incorporating more physical equations
into the description rather than pure mathematical polynomials could
give a more reliable description for the stable phases and a better
extrapolation into conditions, where experimental data are difficult to
obtain. The Ni-S system has been assessed by Sharma and Chang [17],
Waldner and Pelton [18,19]. The Ni-S melt has been described by
Larrian [20] with the associate model, and by Kongoli [21] with the
quasi-chemical model. In the present work, the current assessment of the
Ni-S system is extended down to 0 K using the third-generation database
approach. The high-temperature heazlewoodite phases are optimized
based on more recent experimental findings [22,23] and suggestions
[24].

2. Thermodynamic modeling
2.1. Solid phases

The third-generation approach is applied to describe the solid pha-
ses, with the Einstein equation describing the harmonic vibrational heat
capacities. The reason to use the Einstein function instead of the Debye
function is the difficulty in the integration of the Debye expressions into
Gibbs energy descriptions that can be used in most commercially
available software. However, as is pointed out by Bigdeli et al. [12], the

Received 21 November 2024; Received in revised form 3 March 2025; Accepted 5 March 2025

Available online 16 March 2025

0364-5916/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


https://orcid.org/0009-0005-9598-6830
https://orcid.org/0009-0005-9598-6830
mailto:wenhao.ma@kit.edu
www.sciencedirect.com/science/journal/03645916
https://www.elsevier.com/locate/calphad
https://doi.org/10.1016/j.calphad.2025.102821
https://doi.org/10.1016/j.calphad.2025.102821
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

W. Ma et al.

Debye or Einstein function is based on only one parameter, the char-
acteristic temperature, which is in many cases not sufficient to describe
the actual vibrational spectrum of solids in the full temperature range, e.
g. carbon [12]. To overcome this issue, a multiple Einstein function
procedure in the framework of CALPHAD [12] has been proposed. This
has been successfully applied to other non-metallic substances such as
silicon [25] and GeO; [26]. The heat capacity can be expressed as in
Equation (1):
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where the first part of the equation are multiple Einstein functions
describing the harmonic vibrational heat capacity. x; is the weight
function for different Einstein equations. In order to meet the Dulong-
Petit rule, the sum of x; should be 1 or close to 1, so that the C, value
of the substance is in the vicinity of 3R at room temperature. R is the gas
constant. ¢g, are Einstein temperatures, CIT“g is the magnetic contribu-
tion, which can be described by the Inden-Hilert-Jarl model [27] or the
Inden-Hilert-Xiong model [28]. The polynomial terms aT and bT"
encircle the electronic contribution, lattice vibration, the discrepancy
between cy and c), as well as the anharmonic vibration of the lattice, etc.

The Gibbs energy model for solid phases can be integrated into
Equation (2):
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where E, is the cohesive energy at 0 K, which can be estimated by DFT
method.

The modeling of the solid solution is traditionally accomplished by
applying the Neumann-Kopp rule, which takes the combination of the
Gibbs energy description of the end-components. In this process, the
conventional term bT should not be used to avoid the non-zero entropy
at OK, as is stated in the hybrid model [15]. For the Ni-S system, the high
temperature phases pl, p2 and «-NiS and FCC (Ni) are also modeled
similarly to avoid unphysical properties at low temperature. However,
due to the comprehensive literature investigation to those phases, the
Neumann-Kopp rule is not used.

It should be noted that other approaches have been developed for the
description of heat capacity in the lower temperature range, e.g.
Gamsjager and Wiessner [29] have proposed a general expression for the
low-temperature heat capacity with one Debye function and 2 E func-
tions. Obaied et al. [30] have proposed a temperature-dependent Debye
temperature solution. Although good results can be obtained with those
methods, it is difficult to integrate those expressions into Gibbs energy
descriptions that can be used in most commercially available CALPHAD
software. These approaches are thus not considered in this work.

2.2. Liquid and supercooled liquid

The second-generation thermodynamic model of the supercooled
liquid typically consists of polynomial functions extrapolated numeri-
cally from the experimental data of the high-temperature melt. This does
not provide meaningful values for entropy and heat capacity data of the
supercooled liquid [31]. The two-state liquid model is introduced for
describing the liquid phase [10,11], where the supercooled liquid phase
is considered to be an intermediate state between solid and liquid, and is
thus comprised of atoms in both solid-like state and in liquid-like state.
This approach depicts a gradual transformation of the atoms from the
liquid state to the solid state upon cooling, as well as a gradual loss of
translational degrees of freedom [32]. This model has been introduced
for a number of systems [14,33,34] and has later been incorporated into
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the third-generation database approach. The Gibbs energy expression
for the two-state liquid model is given in Equation (4) [11]:

G, =(1 -G + 4G + RT[y In(y) + (1 — x)In(1 — )], @

where G*¢! is the molar Gibbs energy of solid-like state atoms, G4 is the
molar Gibbs energy of liquid-like state atoms, y is the fraction of liquid-
like atoms. The model agrees well with the measurements of many pure
metals with low melting points [35]. The expression can be further
simplified into Equation (5):

G- =G — RTIn[(1+exp (—AGS, /RT)], 5)

where AGY, is the molar Gibbs energy difference between the two states.
The G was originally derived from the Gibbs energy expression of its
corresponding crystalline phase. However, in the framework of the
third-generation database approach, the liquid - amorphous phase is
considered as a single phase, and Einstein equation is applied to describe
the Gfgl. This leads to Equation (6):
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where ¢5~%™ is the Einstein temperature of the liquid-amorphous phase,
E, is the cohesive energy at 0 K, d is the fitting parameter. As g5 ™
cannot be obtained experimentally, the relation %" ~ 0.765”* is pro-
posed [13].

In many cases, it requires extremely large experimental effort to
obtain thermophysical and thermodynamic data for the supercooled
liquid. The two-state liquid model provides a more reliable extrapola-
tion to lower temperatures. With this approach, the isentropic temper-
ature [36] can be obtained by comparing the entropy of the supercooled
liquid and the crystalline phase. Since the entropy of the liquid phase
cannot be lower than that of the corresponding crystalline phase, the
isentropic temperature is often considered the “ideal” glass transition
temperature, above which the liquid state transforms into the glassy
state.

2.3. Superheated crystalline state

Improvements are still being made to the third-generation database
approach [37-39]. One of the main focuses is on the issue of the su-
perheated solid phases. As is discussed, in order to sufficiently describe
the heat capacity of a solid phase, higher-order parameters bT" are
usually applied. However, the exponential increase of the C, usually
leads to an unrealistically high C, value at high temperature. This cor-
responds to a substantial drop of the Gibbs energy, which can cause the
re-stabilization of solid phases at higher temperatures. It should be
noted that for the pure elements with low melting points, e.g., sulfur, the
extrapolation of the unary solid phase to beyond its melting point has a
significant effect, as the end members are generally directly referred for
the description of the solid solution.

Similar to the supercooled liquid, there is an instability temperature
(Tinst) in the superheated temperature regime. Bigdeli et al. have
attempted to calculate the Tjpg of aluminum using the DFT method, but
the authors claim that the approach needs further improvement [40].
Other attempts have also been made to circumvent this problem. The
most frequently used approach is to introduce another segment at su-
perheated temperatures [13]. He et al. [15,37] have proposed a meth-
odology that is capable of describing the solid phase with just one
temperature range. The solution is to suspend the solid phase if its en-
tropy is higher than its corresponding liquid phase.

Schmid-Fetzer [39] has later proposed a comprehensive amendment
based on the previously mentioned work. The author has suggested that
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Table 1
Gibbs energy functions for pure sulfur.
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Orthorhombic Sulfur

OGg’S = —7660.6 — 0.00605*T**2 + 4.227E — 36*T**5 + 0.2545*GEIN(196.9) + 0.2283*GEIN(69.01) + 0.3737*GEIN(522.2),1 < T < 3000

Monoclinic Sulfur

°GL™S = GOMONOS + Gorder-disorder + 0.25*GEIN(180.5) + 0.2005*GEIN(62.42) -+ 0.3739*GEIN(462.4),1 < T < 3000

Liquid Sulfur
0 Géiquid _
Functions

GEIN(0g) = 1.5*R*0g + 3*R*T*LN {1 — exp (’THEH

Guaast = — R*’T*LN(] N 1*EXP(75497.36 — 0.05895*T + 0.025945"7”'LN(T)>)

RT

— 1768.88 — 0.004554**T* ++ Grqast + Gpotymerization + GEIN(246.08),1 < T < 3000

Gorder—disorder = +0,1 < T < 180.50; 8333.604 — 950.4500*T — 2.2521*T2 + .00483*T® — 5.07922E — 06*T**4 + 227.7624*T*N(T),180.50 < T < 198.50;
—7183.685 + 107.4215*T — .5339*T2 + 8.7610E — 04*T® + 3.1917E — 08*T* — 79.5378*T~1,198.50 < T < 200.20; 0,200.20 < T < 6000.00

Gpolymerization = 0,1 < T <417

29241490.4 — 1456638.39*T — 1005.78451*T? + .802711556*T% — 3.20319381E — 04*T* + 280050.907*T*LN(T), 417 < T < 434 ;
11116027.2 — 219945.77*T — 51.2932*T2 4 .0137829*T® + 6.47774447E + 08*T~! — 35803.6389*T*LN(T),417 < T < 470 ;
40365.04 + 497.51*T — .0670008*T? + 1.19797584E — 05*T° + — 4020722.19*T~! — 74.5463991*T*LN(T),470 < T < 735;

1300.7 — 2.64*T,735 0 < T < 6000.00

the crystalline phase would collapse into a liquid-like structure at Tipst.
An additional segment of Gibbs energy description is given at the esti-
mated Tjns, Which took an estimated value of 1.3-Ty,. The heat capacity
of the superheated solid phase at very high temperature should be equal
to the heat capacity of the liquid phase of 2.5-Tp,. In the example of
aluminum, the heat capacity shows a trend, which resembles the
two-state liquid model.

On the other hand, not every crystalline phase would show a sig-
nificant contribution from anharmonic contribution to the heat capac-
ity. In the present work, the multiple Einstein temperature approach can
adequately describe e.g. the orthorhombic sulfur phase from OK to
higher temperature with only one segment.

3. Thermodynamic modeling of pure elements
3.1. Nickel

The thermodynamic modeling for nickel is accepted from the work of
Hao et al. [41], which is assessed by the third-generation database
approach and the modified magnetic model proposed by Xiong et al.
[28].

3.2. Orthorhombic sulfur

The physical properties of orthorhombic sulfur (a-S) have been well
summarized [42,43]. The comprehensive summary on old publications
before 1953 can be found in the Gmelin’s handbook [44]. The ortho-
rhombic sulfur is the thermodynamically stable form at room tempera-
ture, and has a pale-yellow color. The space group of o-S is Fddd (#70)
[45,46]. Early experimental investigations on the heat capacity of the
solid-state sulfur have been reported by Regnault [47,48], Nernst [49],
Bunsen [50], Mondain-Monval [51], Wigand [52]. The results have been
evaluated by Eastman and McGavock [53], where minor deviations (~2
%) are found. More recent evaluations by West [54], Montgomery [55],
Mal’tsev and Dmidenko [56], and Hemingway [57] are found consistent
with Eastman and McGavock [53].

However, it has been pointed out that many previous measurements
of the sulfur can be compromised by unsuspected impurities such as
carbon, hydrocarbons, HySy, HoS, sulfone, sulfoxide, sulfonic and sul-
finic acids [58]. The result of ¢, measurement by Berezovskii and Pau-
kov [59] deviates slightly from other measurements, which is suspected
to be caused by Si impurity. Hemmingway gives a very detailed evalu-
ation on the potential contamination for sulfur from various publica-
tions. In this work, the analytical results from Hemmingway with the
adiabatic calorimetry is considered the most accurate. The author re-
ports a total impurities of 5-10°® mass fraction. It is selected for the

thermodynamic optimization.

The Debye temperature of sulfur determined by Saunders et al. from
ultrasonic-wave velocities is 187.5 + 2 K [60], while a Debye temper-
ature of 250 K is proposed by Gschneidner [61], which is evaluated from
the specific heat data at low temperature. With the relation proposed by
Chen and Sundman [62], 0z = 0.714 6p, the Gibbs energy description
for orthorhombic sulfur can be formulated within the framework of the
third-generation database approach. However, both characteristic tem-
peratures cannot describe adequately the heat capacity of orthorhombic
sulfur.

It has been mentioned that the orthorhombic sulfur deviates
considerably from the Debye behavior [63,64], as the eight-membered
ring structure of sulfur would have contributions from the inter- and
intra-oscillations. In the work of Bradley, two Debye temperatures, 68 K
and 151.5 K, are applied to describe the heat capacity of orthorhombic
sulfur with a correction function [63]. However, the resulting Czib
without correction deviates significantly from the experimental values.

In order to describe the thermophysical properties of sulfur, the
multiple Einstein temperature procedure is applied. As is stated by
Bigdeli et al., such procedure can be applied to those systems having a
strong anisotropy in the lattice [12]. In the present work, 3 E functions
(Table 1) are used to describe the orthorhombic sulfur from OK to higher
temperatures with one segment, where satisfactory results are obtained.
Asisshown in Fig. 1a, b and 1c, the calculated heat capacity and entropy
are in good agreement with the experimental [53,55,56] and recom-
mended values [43,55,65]. The calculated standard entropy for ortho-
rhombic sulfur at 298.15K is 31.95 J/mol-K, which is in good aggrement
with the literature values: 32.056 + 0.05 J/mol-K by Chase [43], 31.953
+ 0.083 J/mol-K by Hemingway [57], and 32.070 + 0.080 J/mol-K by
Gurvich et al. [66].

3.3. Monoclinic sulfur

Sulfur transforms from its orthorhombic form to its monoclinic form
(B-S) at 368.3 + 0.3 K with a transition enthalpy of 400.4 + 3 J/mol, as
is obtained by the adiabatic calorimetry measurement of Montgomery
[55]. The heat capacity data of monoclinic sulfur have been measured
by several groups [53-55], where the results are in good agreement. The
space group of monoclinic sulfur is #14: P2;/C (14) [67]. It shares
almost the same ring structure as orthorhombic sulfur, with only small
changes in the way of how the rings are packed. Therefore, a description
with similar characteristic temperatures as the orthorhombic sulfur is
expected.

The monoclinic sulfur is distinguished by an order-disorder transi-
tion at 198.3 K [68], which can be observed by a A-shaped anomaly in
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Fig. 1. Comparision between calculated results, experiments and recommended values: a) heat capacity of orthorhombic sulfur; b) heat capacity of orthorhombic
sulfur from 0 to 120 K; c) entropy of orthorhombic sulfur; d) heat capacity of monoclinic sulfur; e) entropy of monoclinic sulfur.

the heat capacity measurement. This effect is deconvoluted and
expressed separately by a two-segment polynomial function
Gorder—disorders Which is later incorporated into the Gibbs energy descrip-
tion of p-S. As shown in Fig. 1d and e, the calculated heat capacity and
entropy agree well with the experimental data [53,55] and recom-
mended values [43,55,65], showing the heat capacity value for the
order-disorder transition reaching the maximum at 198.3 K.

Both agree well with the value of 360 J/mol recommended by Chase
[43]. The calculated phase transition (a-S = p-S) temperature is 368.3 K,
and the calculated enthalpy of transition is 399.9 J/mol, both match
well with the results of Montgomery: 368.36 + 0.3 K and 400.4 + 2.9

J/mol, respectively [68]. The calculated standard entropy for mono-
clinic sulfur at 298.15K of is 32.913 J/mol-K, which is in good agree-
ment with the recommended value by Chase: 33.028 + 0.05 J/mol-K.

In addition to the two stable forms of sulfur, a number of metastable
sulfur allotropes have been discovered [69]. These allotropes are not
considered in this work.

3.4. Liquid-amorphous sulfur

The melting point of the single crystal p-S is 392.95 K [70]. It should
be noted that the melting point of sulfur is usually referred to the natural
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Fig. 2. Comparision between calculated heat capacity and literature data: a) heat capacity of liquid sulfur; b) polymerization peak of liquid sulfur.

melting point, which is the reversible melting point of an equilibrated
melt [42]. Montgomery has determined the melting point of sulfur by
adiabatic calorimetry measurement to be 388.36 + 0.02 K, and the
enthalpy of fusion to be 1721 + 8 J/mol [55]. This agrees well with the
adiabatic calorimetry measurement conducted by West, where the re-
ported enthalpy of fusion is 1712 + 10 J/mol at a transition temperature
388.4 + 0.1 K [54].

Liquid sulfur has a characteristic polymerization behavior, known as
the A transition. The published peak temperature T, varies between 432
K and 434.5 K [54,71-75]. It has been reported that the measured
polymerization temperature is heavily influenced by the heating rate
due to the sluggish kinetics of the reaction [75]. In order to determine
T,, Kuballa and Schneider have measured the transition temperature at
different heating rates; the value of 432.25 K is obtained by extrapo-
lating the measurements to 0 K/min [76]. This result agrees well with
the experimental finding of Montgomery et al. at 432.03 + 0.20 K with a
heating rate down to 10 K/min, [55] and with the result of West at
432.25 £ 0.30 K, which is obtained discontinuously at different tem-
perature segments [54].

The heat capacity of liquid sulfur has been measured by Fehér [74],
Komarek [75], Braune [71], West [54], Yoshioka [72], Verryn [77], and
Montgomery [55]. The results are similar but show a slight difference
depending on the heat rates. The heat capacity data measured by
Montgomery [55] are measured under the slowest heat rate, and is
therefore used to fit the heat capacity data up to T,. At temperatures
higher than T, the sluggish polymerization process affects the measured
heat capacity substantially, where clear dependence on the heating rate
are shown from different groups [75]. In the view of the impact of
polymerization on the calorimetric measurement, the heat capacity data
for the liquid sulfur above T, are taken from the discontinuous heat
capacity measurement of West [54]. Similar to the order-disorder
transition of p-S, the polymerization is deconvoluted and described by
a segmented polynomial function.

Fig. 2 shows the calculated results for experimental data of the liquid
sulfur, which are improved from the previous evaluation by the second-
generation database. The calculated melting temperature is 388.36 K
and the enthalpy of fusion is 1721.1 J/mol. Both are consistent with the
experimental findings [54,55]. In addition, the Gibbs energy and en-
tropy extrapolated at temperatures above T, show reasonable rela-

tionship: G < GSolid; ghiauid -, gSolid
* m E m .
4. Nickel sulfur binary system
4.1. Liquid phase

The Ni-S phase diagram is characterized by a deep eutectic reaction

on the Ni-rich side and a liquid miscibility gap on the sulfur-rich side.
This is an indication that the liquid phase has a strong short-range order.
Therefore, the Ni-S liquid phase is modeled with the associate solution
model [78]. Empirically, the hypothetical associate is selected at the
concentration corresponding to the stoichiometry of the sulfide with the
highest melting point. Therefore, NiS is chosen as the associate for the
liquid phase. The liquidus line is plotted based on the experimental data
of, Kitakaze [23], Rau [79,80], Kullerud [81], Meyer [82], Nagamori
[83], Chuang [84] and Bornemann [85]. As shown in the phase diagram
(Fig. 3a), the calculated liquidus line matches excellently with the
experimental data. The sulfur activity of the Ni-S melt were measured by
Meyer [82], Nagamori and Ingraham [86], Rosenqivst [87], Egami [88],
Alcock [89], Takewaki [90], Dashevskiy [91] from 953 K to 1873 K. The
calculated sulfur activities at various temperatures are shown in Fig. 3b,
where a good agreement can be found with the experimental results.

The supercooled liquid is also described properly by the two-state
liquid model [10,11]. Since no experimental data on the supercooled
liquid for the Ni-S system can be found, the two-state liquid model with a
more physical description is considered to be more reliable than the
polynomial description.

It should be noted that it remains unclear whether the polymeriza-
tion description of the sulfur should be included for the Ni-S liquid phase
description, as there is no experimental data on the supercooled nickel
sulfur melt. In the new sulfur dataset, the polymerization description can
readily be deconvoluted. The model for the liquid phase can therefore be
subject to change if there is new experimental insight into the nature of
the melt.

4.2. Sulfur solubility in FCC nickel

The modeling of the sulfur solubility in FCC nickel is of scientific and
technological importance. It is well known that the introduction of a
small amount of sulfur can cause embrittlement of nickel and nickel-
based superalloys, especially in the intermediate temperature range
from ~500 to 900 °C [92]. Since 1925, studies have been conducted on
the mechanism of sulfur-induced embrittlement [93] as well as the
solubility of sulfur in FCC-nickel [94]. The sulfur solubility has been
studied experimentally by Barbouth and Oudar [95,96], Brigham et al.
[94], and Mulford [97]. Their results are consistent with each other.

First-principle calculations have shown that sulfur prefers the sub-
stitutional site to the interstitial sites of the FCC Ni [98], which agrees
with the assumption of Barbouth [95]. The solubility of sulfur in nickel is
thus modeled accordingly. As shown in Fig. 3c, the calculated result is in
excellent agreement with the published experimental work. In addition,
the vapor pressure of the sulfur in the FCC-Ni has been calculated and
compared with measurements of Brigham et a.l [94], and both are close
to the Henrian behavior as expected.
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Fig. 3. Calculated results of the Ni-S binary system: a) Ni-S phase diagram; b)
sulfur activity of the liquid phase; c) sulfur solubility in the FCC-Ni.

4.3. Binary phases

6 stoichiometric compounds are found in the Ni-S binary system:
heazlewoodite (Ni3Sy), millerite (B-NiS), godlevskite (NigSg), high-
temperature godlevskite (NiySe), polydymite (Ni3S4), vaesite (NiSs).

The space group of NisS; is R32 (#155) [99]. The low-temperature
heat capacity of Ni3S, was measured by Stglen et al. [100] and Maj-
zlan et al. [101], which agree very well with each other. Ni3Sy was
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Fig. 4. Comparison between experimental and calculated heat capacities of all
nickel sulfides.

considered to transform to its high-temperature form at 834 K, which
has a homogeneity range from 36.7 to 42.0 at.%. Later, Rau [80] and Lin
et al. [102] found a discontinuity from the activity measurement, and
proposed that the high-temperature heazlewoodite, in fact, consists of
two phases. However, the EMF measurement conducted by Egami et al.
[881, and the XRD measurement by Fjellvag and Anderson were not able
to identify the second phase [103]. Due to the unquenchable nature of
the high-temperature heazlewoodite [81], the investigations for the
ternary systems including Ni-S through quench experiments did not
report the evidence for the py phase [104-106]. The confirmation of the
two-phase region is achieved by the high temperature chemical diffu-
sion and electrical conductivity measurements done by Yagi and Wagner
[107] and by high-temperature XRD investigation done by Kitakaze and
Sugaki [22,23].

Liné and Huber [108] proposed that the space group of f; is F 4 3m
(#216), with a lattice parameter of 5.126 A, which is measured by high
temperature XRD measurements. Accordingly, the sulfur atoms are
located at Wyckoff positions 4d (0.75,0.75,075); the nickel atoms at the
octahedral and tetrahedral voids 4a (0 0 0); 4c (0.25 0.25 0.25). The
author proposed that Nis Sz is the proper notion instead of Ni3 4So,
where [] stands for the vacancy. Kitakaze and Sugaki have proposed that
B1 has the space group Fm 3 m (#225) with no detailed information on
the crystallography [22]. Stoktosa and Stringer [109] have proposed
both vacancies and interstitial sites on both sublattices. However, their
conclusion is questioned by Arita [110] because quenched samples were
used for the measurement, yet the high-temperature heazlewoodite is
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not quenchable. Arita [110] has suggested several theoretically possible
crystal structures, the calculated vapor pressure based on the assump-
tion are in good agreement with the experimental work of Rau [80], yet
no experimental confirmation of the crystalline structure has been
reported.

Given the information, the two-sublattice model (Ni, Va)y(S): is
applied according to Liné and Huber [108]. This is in line with the work
of Waldner and Pelton [18]. The crystalline structure of p is reported to
be cubic Pn 3 m (#224) [23]. However, the details of the site occupation
and crystalline defects are not reported. Considering the similarity in the
various experimental data on f; and g, it is assumed that the two
high-temperature heazlewoodite phases have very similar crystalline
structure. Therefore, 5 is modeled with the same two sublattice model
as Py until further experimental data suggest otherwise. The homoge-
neity ranges of p; and By are taken from the high-temperature XRD
measurement by Kitakaze et al. [23]. The heat capacities of heazle-
woodites are taken from the evaluation of Stglen et al. from 8 K to 834 K
for the low-temperature polymorph, and from 834K to 1000K for f;
[100]. The experimental heat capacity of ; shows a decreasing trend,
which can be attributed to the phase transition: p; = NizSy. The com-
parison between the calculated heat capacity of nickel sulfides and the
publications is summarized in Fig. 4.

The phase boundaries between f; and By are estimated by Lin et al.
[102] from the vapor pressure measurement. The phase boundary
cannot be clearly defined due to the similarity of the measured values of
the two phases. The high temperature XRD investigation by Kitakaze
and Sugaki [22] is carried out at 1 at.% increment, which can provide a
qualitative estimation of the phase boundary. A comparison is given at
the calculated partial phase diagram (Fig. 5a).

As shown in Fig. 5b, the calculated sulfur vapor pressure of the
heazlewoodites (B; and f3) has been carefully compared with the
experimental value measured by Rau [80] and Lin et al. [102], where
good agreement can be found for temperatures between 815 K and 1044
K. To the best of our knowledge, the heat capacity of B3 has not been
reported. However, it is reasonable to assume that the p; and f3 would
have similar heat capacities.

Millerite (B-NiS), with the space group R3m (#160), undergoes a
eutectoid reaction and decomposes to a-NiS and NigSg at 652 K. The heat
capacity data of NiS are taken from the calorimetric study done by
Grgnvold and Stglen [111]: from 298.15 K to 660 K for $-NiS, and from
660 K to 1000 K for a-NiS. The measured high-temperature heat capacity
data of a-NiS start increasing strongly from approximately 850 K. For the
metastable a-NiS at low temperature, Coey and Brusetti [112] as well as
Trahan and Goodrich [113] have measured from 5 K to 330 K. The re-
sults of these two groups agree well with each other, and are both
considered for the optimization. The low-temperature heat capacity for
B-NiS is obtained from the experimental work of Weller and Kelley from
50 K to 300 K [114]. The heat capacity data measured in this work at
around room temperature is compatible with the measurement by
Grgnvold and Stglen [111].

a-NiS has a NiAs-type crystal structure with the space group P63/
mmc (#186). It is reported to have a homogeneity range from 50 to 51.5
at.% [115]. It is concluded that the sulfur atoms form a hexagonal close
packing structure, located at Wyckoff positions 2c (0,0,0); and the Ni
atoms occupy the octahedral voids at Wyckoff positions 2a (0,0,0).

A general description has been proposed for the modeling of NiAs-
type structure by Jandl et al. [116]. However, given the crystal struc-
ture of a-NiS, a two-sublattice model (Ni, Va);(S); is simpler and is
adequate to reflect the atomic arrangement. As shown in the phase di-
agram (Fig. 3a), the homogeneity range of a-NiS agrees well with the
experimentally determined phase boundary [80,81,117]. In addition,
the sulfur vapor pressure is calculated for a-NiS as shown in Fig. 6,
where excellent agreement can be found with the experimental work of
Lin et al. [102] and Rau [79].

The space group of NigSg is C222 (#21) [118]. NigSg is reported to
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Table 2
Standard enthalpy of formation and standard entropy for different nickel sulfides at 295.15 K. (*recommended value by literature, **calculated from CALPHAD
model).
Compound AfHz9g.15 (KJ/mol) AfS298.15 (J/(K.mol)) Ref. Compound AfHs9g.15 (KJ/mol) AfS298.15 (J/(K.mol)) Ref.
NisSy 133.89 + 0.84 [114] B-NiS 52.97 + 0.335 [114]
—215.90 + 12.52 133.93 + 2.51 [1271 —94.14 + 4.18 52.97 + 0.837 [1271
—-216.3 + 5.0 133.89 + 0.4 [43]* —87.86 + 6.3 53.0 + 0.4 [431*
—217.2+ 1.6 [125] —91.0+1 [125]
—226.6 + 2.2 [126] 91.0+3 53+ 0.4 [128]*
—214.1 135.48 [18]%* -92.62 54.597 [18]**
—216.0 + 8.4 133.8 + 1.6 [101] —94.1+ 4.2 53+0.8 [129]
133.2 [1001 —91.2 57.0 This work
-216.3 3.0 133.2 £ 0.3 [128]* Ni3Sy —326.35 + 25.10 171.3 + 25.1 [1271
—217.2+ 1.6 133.5 + 0.7 [129]* —301.1 + 25.0 186.48 + 16.7 [43]
—-212.8 132.50 This work* —-309.11 191.89 [18]**
Ni;Se —-582.8 + 5.7 [125] -318.5 186.8 This work
-567.11 384.006 [18]** NiSy ~133.89 + 8.4 67.78 + 8.368 [127]
~574.05 360.8 This work* ~131.38 + 16.70 71.97 + 8.4 [43]
NigSg ~770.11 468.73 [18]%* -124.9+ 1.0 [125]
760 + 9 481+7 [129]* ~124.01 81.80 [18]**
~760.2 479.1 This work* ~128.0 £ 7.0 80+8 [129]*
-134.3 75.9 This work
- Cemic 86 Table 3 , o
[= | e cChase9s Invariant reactions of the Ni-S binary system.
.9 A Mills 74 Invariant x(S) T [K] T [K] Reference
® v Vidavskii 92 reaction - - -
2-, Majzlan 2022 This work This Literature
2 409 = This Work work
~ 1 Liquid = a-NiS 0 1728.0 1728 [43]
g | ¥ Liquid#1 + 0.586 0.984 0.667 1301 1295 [117]
E=1 | Ju | INi;S, Liquid#2 =
< ) Ni.S ® NiS,
3 1796 b Liquid = «-NiS  0.519 1264 1272 [117]
o u . l¢iS & Liquid = 0.520 0.534 0.667 1263 1266 +3  [117]
u= 45+ i ' -NiS + NiS,
; Ni VS NigSy | ® Li(ll:lid +o-NiS 0437 0.444 0.504 1083 1079 [23]
o 392 A =P 1078 [132]
© | Ni....S | 1 Liquid + po=  0.425 0435 0.434 1067 1073 [23,102,
= 0.958 l . 5 130]
= NiS : 1~ ;
c I 2 Liquid = (Ni) 0330 0 0.367 9105 910 [130]
w L + b1
-50 T T T T T T B + a-NiS = 0.439 0500 0.462 8423 846 [23,81,
0.4 0.5 0.6 0.7 NiSe 1301
848 [132]
X(S) B1 = NisSy 0.4 831.0 834 [100,102]
i . . . 838 [23]
Fig. 7. Calculated enthalpy of formations of the Ni-S binary compounds 838+ 5 [103]
compared to literature values. 823 [132]
834 +1 [131]
decompose to NiySe and a-NiS at 675 K [119]. Accordingly, NiySe is Pr = NisS + 0414 0.4 0.421 831.0 g;;?’?’ Bg?’mz]
stable in the temperature range from 675 K to 846 K. It undergoes a P2 827 [103]
peritectoid reaction at 846 K and forms a-NiS and f». It is also found that By = NigSy + 0.370 0.4 0 8125 806 [23,130]
the Ni;Se phase has a homogeneity range from 45.76 to 46.22 at.% [81]. (ND)
Stglen et al. have estimated a homogeneity range of 0.56 at.% [119], ﬁZN? é‘“756 + 0430 0462 0400 7798 797 [23,119]
. 1302
based on the volur.ne f:hange and crystallographl(f study repor.ted by NiS & Ni;S; 0500 0462 0471 111 709 (9]
Fleet [118]. Considering the narrow homogeneity range, Ni;Se is = NioSg
modeled as a stoichiometric compound, as is suggested by the general Ni;S¢ = NigSg ~ 0.462  0.471  0.400 677.8 675 [119]
practice of dataset development [120]. The heat capacities of NigSg and + NisSy 673 [132]
NiySg are measured by Stglen et al. [119] from 5 K to 640 K and from @NiS + NigSg 0500 0.471  0.500 6521 660 [111]
. . = p-NiS 652 (79,102,
640 K to 900 K, respectively. However, the measured heat capacity of 130]
Ni;Se is influenced by the presence of other phases, e.g. a-NiS and fo, NiS, + a-NiS=  0.667 0517 0.571 628.8 629 [79,130]
where two endothermic signals were observed at 709K and 797K, Ni3Ss
respectively. These correspond to the reactions: a-NiS + NiySg = NigSg @NiS = NisS; 0.5 0571 0.500 5550 555 [81,130]
and B2 = NiySg + NisSg, respectively. Both endothermic peaks should Li;ﬁil\ismsz 1 0667 1 3884 3884 [55]
not be considered for the Gibbs energy description of Ni7Se. Therefore, oS
the heat capacity deconvoluted from these two peak are used for the -5 = a-S 1 368.3  368.3 [55]

optimization process.

The crystallographic investigation on Ni3S4 shows that it has a space
group of Fd 3 m (#277) [121]. No experimental information on the heat
capacity NigS4 can be found. A DFT calculation for NigS4 [122] has
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Table 4
Thermodynamic parameters of each phase in Ni-S system.

Liquid

OGfJf”fd = GOLIQNI + GEIN(207),1 < T < 3000

°GLatid _ GSIIQUID + GOLIQNI — 4051.736 — 147.859*T,1 < T < 3000
O Gl _ GSIIQUID + GEIN(246.08),1 < T < 3000

*1h9id _ 52818389+ 86.793*T,1 < T < 3000

"LHE 6585866+ 72.92*T,1 < T < 3000

ZL%fsﬁd = 18243.05,1 < T < 3000

“1l9id _ 1760.015,1 < T < 3000

Oplauid _ 91342806 + 274.627°T,1 < T < 3000

1 i
[hid — 53558.486 + — 74.157*T,1 < T < 3000

2 Lo
Ly — — 5380.066,1 <T < 3000

0 pion

Lyt — _ 45129.262+ — 2.432*T,1 < T < 3000
FCC-Ni

OGECS = GOSERNI + MRNIFCC + GEIN(284) 1 < T < 3000

OG?{,CQ = GTORTHS + 80000,1 < T < 3000

OLECC — _ 24000 + 0.02T**2,1 < T < 3000

°G§_CVC‘;A1 = GTORTHS + 80000,1 < T < 3000

P1
Gl = — 124718.134 — .05588*T**2 + GEIN(470.748),1 < T < 1130
%Gl = 42835.298 + .09791T? + GEIN(26.758),1 < T < 3000

0.5
o
LNi,Vﬂ:S -

10 es = 138177.743 1 < T < 3000

—133169.565,1 < T < 3000

*L yus = —30736.256 ,1 < T < 3000

B2

%Gl . = ~126936.49 — 0.06805*T2 + GEIN(753.613),1 < T < 3000

%Gl s = — 839.646 + .09546%T7 + GEIN(30.726),1 < T < 3000

*1% yus = — 62601.235,1 < T < 3000

'Lz s = 1683.159,1 < T < 3000

*1%2 s = — 5380.066,1 < T < 3000

a-NiS

OGg NS — — 102867.990 — 9.040E — 03*T2 — 2.9914E — 13*T5 + 0.9197*GEIN(241.383),1 < T < 1400

= — 188642.567 + 573.967*T — 72.818*T*LN(T) + 7.9902E + 18*T~° — 3.141E+ 36*T~'1,1400 < T < 3000
°Go.NS — 19085.198 — 1.731E — 02*T2 + GEIN(1207.19),1 < T < 3000

LeNs — _ 32424.161,1 < T < 3000

g = 5214.520,1 < T < 3000

LgMS. = — 161601.035,1 < T < 3000

*LecNis. — 95159.973,1 < T < 3000

NizS,

GNsS: — _ 257998670 — 0.011*T? — 1.136E — 18*T” + 0.361*GEIN(175.665) -+ 0.686*GEIN(460.414),1 < T < 1080

= —407323.354 + 1293.141*T — 166.175*T*LN(T) + 2.0740E + 18*T~° + 5.2650F + 35*T!1,1080 < T (6000

NizSs
G — _ 659208.618 — 0.3002*T2 + 5.369E — 05*T% + 0.585*GEIN(300.605),1 < T < 3000

NigSg
OGxﬁ?Ss” = — 920993.787 — 2.454E — 02*T2 — 3.917E — 29*T'! + 0.509*GEIN(170.577) + 0.5754*GEIN(533.960),1 < T < 750

= — 1184954.370 + 3053.212*T — 410.546*T*LN(T) — 1.1915E + 18*T 5 + 7.9510E + 34*T~'!,750 < T < 3000

NiS

°G%§S = —107273.053 — 9.750E — 03*T? + 5.960E — 07*T° + 0.768*GEIN(369.325) + 0.159*GEIN(74.834),1 < T < 3000

(continued on next page)
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Table 4 (continued)
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NizSy
0 .NisS,
Gi's

NiSy

0 -~Nis,
Gnis

0 i
TCMSz

0 i
N = +31.5; Py = 0.7

0 i 0 i
Teyes = +39; feyes = 0.1

Function GNILIQ and GHSERNI are cited from Hao et al. [41]
GTORTHS = — 0.00605*T? + 4.227E — 36*T°
GSLIQUID = — 1768.88 — 0.004554*T**2 + Gpolymerization

= — 367700.425 — 0.06337*T2 + 6.554E — 10*T® + 0.775*GEIN(278.974),1 < T < 3000

= - 160392.144 — 1.270E — 03*T2? — 1.195E — 06*T° + 0.5738*GEIN(218.703) + 0.446*GEIN(543.064),1 < T < 3000

estimated the heat capacity of this compound. However, the calculated
result is around 6R at room temperature in this publication with no
explanation or comment. Therefore, these data are not used for this
optimization. In this regard, the estimated heat capacity values by Chase
[43] are used for NigSs4.

NiS, is reported to have a space group of Pa 3 (#205). Its heat ca-
pacity at low temperature has been reported by Ogawa [123] and
Matsuura [124]. It is worth noting that two Néel temperatures at 30.6 K
and 39.3 K have been identified in the experiments. This special char-
acter is expressed by the Inden-Hillert-Xiong model [28], where both
Néel temperatures are defined.

The heat capacities of all the relevant binary phases are summarized
in Fig. 4. The calculated results show good agreement to all the selected
experimental data.

The measurements of the formation enthalpies for nickel sulfides are
carried out by the drop calorimetry measurement from Cemi¢ and
Kleppa [125] as well as by direct calorimetric measurement (light pulse
induced reaction) by Vidavskii [126]. The formation enthalpies have
also been derived from the third-law calculation by Chase [43] and Mills
[127]. The calculated formation enthalpies and entropies and the pub-
lications are compared with the publications in Table 2 and plotted in
Fig. 7, which are in good agreement. The calculated enthalpies for the
nickel sulfides are close to a parabola with the only exception being the
high-temperature phase «-NiS, as is expected from its the
non-stoichiometric nature.

4.4. Superheated temperature range

It should be noted that the NigSg, a-NiS, and Ni3Sy exhibit strong
anharmonicity at higher temperatures, which requires high-order terms
to describe the heat capacity. Such an exponential increase in the heat
capacity is clearly unrealistic and would lead to an erroneous phase
diagram at high temperatures, as has been mentioned in the previous
sections. There is attempt in this work to extend the method proposed by
Rainer Schmidt-Fetzer [39] to the binary intermetallics. However, a
strict application of the methodology proposed by the author would lead
to a re-stabilization of the binary crystalline phases at higher tempera-
tures. Further protocols are needed as a general approach for the binary
intermetallics. In this work, a high-temperature segment is introduced to
the Gibbs energy description at the phase transition temperature of the
nickel sulfides. This segment ensures continuous and reasonable ther-
mophysical properties of each phase at temperatures well above the
melting points. The high temperature f; and B, are exceptionally stable
due to the high heat capacity and high entropy. Such stabilization
cannot be addressed with the up-mentioend approach. The High tem-
perature segments of the f3; and Py phase are thus not being modeled.

4.5. Invariant reactions

The invariant reactions of the Ni-S system are evaluated on the basis
of the overview by Singleton et al. [130], with some modifications as
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described below. For the experimental investigation of the Ni-S system
on the sulfur rich side, the sulfur evaporation at higher temperatures
must be taken into account for an accurate evaluation. The work of
Arnold and Malik [117] has revised the previous data of Kullerud and
Yund [81], and has included a series of experiments with the correction
to the sulfur loss. It is considered a more accurate evaluation for the
reactions above 1253 K, including the congruent melting of «-NiS at
1272 + 3 K, the syntectic reaction: Liquid#1 + Liquid#2 = NiS; at 1295
+ 3 K, and the eutectic reaction: Liquid = a-NiS + NiS; at 1266 + 3 K.

NigS; is reported to transform into the p; phase at 833 K by Stglen
et al. [100], at 834 K by Ferrante and Gokcen [131], and at 838 K by
Kitakaze and Sugaki [22]. The result of Stglen et al. is reliable because of
the presentation of detailed DSC measurement data and the consistent
results compared to Ferrante and Gokcen [131]. The temperature of the
peritectic reaction f; = NizSy + B2 is estimated to be 833 K by Lin et al.
based on the extrapolated phase boundary [102], and 837 K by Kitakaze
and Sugaki [22]. The measured phase transition temperature of Kitakaze
and Sugaki in this region is too high compared to other authors and is
not considered. The high-temperature powder diffraction measurements
done by Fjellvag and Anderson [103] show a phase transition at 827 K at
40.8 at%. The calculated results are tabulated in Table 3, where excel-
lent agreement can be found with the experimental data. The proposed
models and parameters for all phases are listed in Table 4.

5. Conclusion

In this work, the thermodynamic description for sulfur has been
developed within the framework of the third-generation database
approach. Monoclinic sulfur, orthorhombic sulfur as well as liquid sulfur
are modeled to fit the experimental data at their stable and metastable
temperature ranges. The approach provides a more physically sound
extrapolation at temperature range where no experimental data is
available. The modeling for the Ni-S binary system is based on the newly
developed sulfur dataset and the third-generation database for nickel
[14]. The dataset extends the assessment made by Waldner and Pelton
[18,19] to O K. The superheated solid is described with a polynomial to
ensure a continuous and reasonable change of the thermodynamic
properties at higher temperatures. All the parameters are treated care-
fully by taking into account the experimental heat capacity data, phase
equilibria, activity data, enthalpy of formation. The sulfur solubility in
the FCC nickel is evaluated from the activity measurements in publica-
tions. The resultant thermodynamic dataset agrees well with the
selected experimental input. The assessment of the metastable state of
the phases, especially of the supercooled liquid, will be used for the
further thermodynamic investigation of the nickel-sulfur based Pd-Ni-S
bulk metallic glass forming liquid.
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