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ABSTRACT

The stability fields of various sulfide phases that form on Fe-Cr, Fe-Ni,
Ni-Cr and Fe-Cr-Ni alloys have been developed as a function of temperature and
the partial pressure of sulfur. The calculated stability fields in the
ternary A-B-S system are displayed on plots of log PSQ versus the conjugate
extensive variable (nA/nA+nB). which provides a better‘framework for following
the sulfidation of Fe-Cr-Ni alloys at high temperatures. Experimental and
estimated thermodynamic data were used in developing the sulfur potential
diagrams. Current models and correlations were employed to estimate the
unknown thermodynamic behavior of solid solutions of sulfides and to supple-
ment the incomplete phase diagram data of geophysical literature. These con-
structed stability field diagrams are in excellent agreement with the sulfide
phases and compositions determined experimentally during the sulfidation of
SAE 310 stainless steel. The sulfur potential plots appear to be very useful

in predicting and correlating the sulfidation of commercial alloys.

{35



INTRODUCTION

The results on the sulfidation of SAE 310 stainless steel as a function
of sulfur potential at a temperature of 1065 K! and as a function of
temperature at three different sulfur potentials,? have been reported earlier.
Generally, the sulfide scales are multilayered, containing one or two outer
layers in addition to a subscale. The number of scales and their composition
varied with the sulfur potential and the temperature of sulfidation. In two
lavered scales, the second outer layer (OL-1I1), furthest from the alloy, con-
tained primarily phases of the Fe-Ni-S§ system. The first outer layer (OL-I),
nearest the subscale, contained phases of the Fe-Cr-S system. The subscale
consisted of chromium rich sulfide inclusions in the alloy matrix. The
chromium content of OL-1 increased with increasing temperature and decreasing
sulfur potential, and appeared to control the rate of sulfidation of 310
stainless steel. However, correlations between the compositions of the
experimentally observed phases and those that may be theoretically predicted
have not been explored.

The purpose of this paper is to present the thermodynamic stability
fields for sulfide phases in the ternary systems of Fe-Cr-S, Fe-Ni-S8 and
Ni-Cr=S and in the quarternary system of Fe-Cr-Ni-S calculated using current
models and correlations to compensate for incomplete thermodyramic data.

The calculated stability fields are, then, compared with sulfide phases and
compositions obtained experimentally following the dynamic sulfidation of

SAE 310 stainless steel,



REPRESENTATION OF PHASE EQUILIBRIA

Phase diagrams are geometric representations of the loci of thermo-
dynamic parameters when equilibrium between different phases exists under a
specified set of conditions. Since there are many parameters such as tempera-
ture composition, pressure, chemical potential, etc., which may be used to
define the axes of a diagram, many different kinds of phase diagrams can be
constructed., To better understand the corrosion behavior of three or four
component systems, a plot of the logarithm of the partial pressure of the
nonmetallic component versus the mole fraction of the metallic components at
a constant temperature is advantageous. A diagram of this type is shown in
Fig. 1 for a three component system. In the case of a four component system
containing a volatile, nonmetallic element, the compositions of the three
metallic components are represented at a constant temperature on a Gibb's
triangle and the logarithm of the partial pressure of the volatile element is
plotted along an axis perpendicular to the plane of the Gibb's triangle. The
advantage of this type of presentation is that it can readily be interpreted
by anyone familiar with the topological rules for the construction of the
well known temperature-composition diagrams for binary systems. The use of
the mole fraction of the metal component on the abscissa allows one to use
the familiar lever principle to graphically assess the relative quantities of
each phase present in two phase regions. It can be shown by rigorous thermo-
dynamic analysis that all of the other construction rules for the usual
binary temperature-composition diagrams are applicable to this type of con-
struction. For example, lines do not cross and intersecting phase boundaries

obey certain angular relationships known sometimes as the extension rules.



EARLIER WORK ON PHASE RELATIONS

Extensive information i available in geophysical literature on phase
relations in the Fe-Ni-$ system.’"!3 Two isothermal Gibb's triangles repre-
senting the phase relations of Fe-Cr-S system at 873 K and 973 K are also
available.'"+!% No information exists on the Ni-Cr-S ternary and Fe-Cr-Ni-§
quarternary systems. Most available information relates to the structure and
composition of the phases present in samples after equilibrating in evacuated
silica capsules at specific temperatures., Unfortunately, the sulfur potentials
in equilibrium with the various phases or phase mixtures have not been
measured. This gap makes it difficult to predict the structure and composi-
tion of the phases that will form during sulfidation experiments, where the
temperature and sulfur potential are carefully controlled. It is necessary,
therefore, to combine experimental and estimated thermodynamic values with
information on phase relations, to calculate the sulfur potentials associated
with single and multiphase equilibria. The selection of the basic data and
the models and correlations used to estimate the unknown thermodynamic data

are described below.
BINARY DATA

Fe=S System
The phase diagram of the Fe-S svstem reveals the formation of two
compounds FeS and FeS, in addition to Fe - FeS eutectic.!® FeS has a wide
range of nonstoichiometry and melts over a temperature interval of 100°
and dissociates into a sold richer in sulfur and a liquid richer in iron

until the approximate composition Fep 9,8 i8 reached. This compound melts



congruently at 1463 K under the pressure of the system. The standard free

energy of formation of Fel_xs is well eatablished.l7'?° For the reaction
Fe(s) + 1/25,(g) ~ Fel_xS(S) (1)
the standard free energy of formation can be expressed as
AG® = -151,500 + 54.1T (#1,500) J mole™! (2)

FeS2 can exist in one of two forms (marcasite at low temperatures and
pyrite at high temperatures) with a transformation temperature of about 635 K.
FeS, decomposes around 980 K yielding mono-sulfide and elemental sulfur. The

standard free energy for the reaction
Fe(s) + Sz(g) - FeSz(s) (3)

can be represented21 as
AG® = -334,700 + 240.5T (+800) J mole™! (4)
The sulfur potential corresponding to the two phase equilibrium between

Fel_xs and FeS, is given by the relation

Bug = -363,700 + 375T (+1,000) J mole~! (5)

2

Pure iron melts at a temperature of 1810 K and the eutectic in the

system Fe - FeS is at a temperature of 1260 K.

Cr-S System
In the binary Cr-S system, Jellinek?? has suggested the existence of six
definite chromium sulfides at room temperature: CrS (monoclinic), Cr7SB,

S0 Cras

o5 Cr,S

Yo 3 (triclinic) and Cr,S, (rhombohedral) with superstructures

of the NiAs type. At temperatures around 973 K, El Goresy and Kullerud!*»15

have shown that only two stable phases exist; Crl_xs with a homogeneity range



between 51.8 and 55.5 at pet § and Cr,S5; with a homogeneity range between
57.1 and 58.8 at pct S. The Crl_xs phase crystallizes in two types of struc-
tures depending on composition. Between 51.8 and 53.8 at pct § a NiAs type
hexagonal form is observed and between 54.05 and 55.6 at pct S a hexagonaf
form with NiAs supercell is obtained. These findings have been substantiated
by recent studies of Popma and van Bruggen®? using high temperature X-ray
diffraction, differential thermal analysis and magnetic methods. El Gorsey
and Kullerud!“,!5 have pointed out that the X-ray diffraction pattern given
by Jellinek?? for CrSS“ is identical with that of composite reflections pro-
duced from a mixture of monoclinic Crl_xs. which forms at low temperatures,
and rhombohedral °'233° Ordering of vacancies at low temperatures breaks up
the high temperature single phase field of Crl-xs into a number of structures
with.compoaitions close to Cro.QGS, Cr7sa. and CrgSg.

The st/H2 ratios in the gas phase required for the initiation of
sulfidation of pure metallic chromium between 1375 K and 1570 K have been
measured by Hager and Elliott.’" Young, et al.”® measured a variation of the
equilibrium H>S/H; ratio with composition in the Cr-S system at 973 K. The
standard free energy of formation of the metal saturated Crl_xs phase at
973 K obtained from these two gas equilibration studies are compared in
Table 1 with values obtained from an analvsis of phase relations in the
Fe-Cr-§ system (see Fe-Cr-$ ternary).

It is evident from Table 1 that disagreement exists between the values
for free energy of formation of Crl_xS obtained by gas equilibrium techniques
and those derived from the phase diagram. It is likely that oxvgen contami-
nation of the sulfide phase during the gas equilibrium studies may have
occurred and increased the stability of the Crl_xS phase. Hager and Elliott2"

did not unequivocally characterize the sulfide phase formed in their
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experiments, while Young, et al.”” interpreted their results in terms of the
phases reported by Jellinek”? at room temperature. In the phase diagram
studies of El Goresy and Kullerud!“s!® some contamination of the Fe+Cr alloy
by silicon may have occurred, since the alloy was contained in evacuated
silica capsules. Small amounts of dissolved silicon, however, will not
drastically change the composition of the conjugate phases. The selected
value for the free energy of formation Cr xS is, therefore, weighted in favor

of the phase equilibrium studies. For the reaction
Cr(s) + 1/282(3) o Cr)_xS(S) (6)
the free energy change can be represented as
AG® = -192,000 + 60.7T (+10,000) J mole™! (1)

The heat of formation of solid Cr,,S3 from metallic chromium, iron and
rhombohedral sulfur at 298 K is given in the literature as =347 kJ mole~},

The entropy of formation of Cr283 according to the reaction,
2Cr(s) + 3/25,(g) » Cr283(s) (8)

is estimated as 188 J mole~!K™!. Therefore, free energy change for the

reaction (8) can be expressed as
AG® = -527,200 + 188T (+5,000) J mole™! (9)

The heat capacities of the sulfide phases used in the above evaluation are
based on the methods described by Mills®! and Kubaschewski, et al.?®
The sulfur potential corresponding to the equilibrium between Crl_xS and

Cr,S3 is estimated as,

Bug = =26°,,00 + 121T {+5,000) J mole~! (10

-



based on the results of Young et al.’® at 973 K and Igaki et al.?’ between
1200 K and 1400 K. The recent results of Nishida et al.’® are inconsistent
with the selected values and the sulfur potentials calculated from these

data are orders of magnitude higher than the others.

Ni-S System
The most recent phase diagram of rhe Ni-S system is given by Craig and
Scott.?? Numerous measurements of the thermodynamic data on the binary Ni-$
system are reported in the literature,!?+30-36 4nd the data are in mutual
agreement. The values used in the present work are those obtained by Meyer
et al.,3! between 1373 K and 1973 K and the information summarized by Mills?!
for the lower temperatures, supplemented by recent data of Lin et al, 3% using

gas equilibrium techniques, and Conrad et al.3® ysing drop calorimetry.
TERNARY DATA

Fe~-Cr-S System

Fe S - Cr S Solid Solution
X 50

The ternary phase relations at 973 K mapped by El Goresy and Kullerud!“»15
are shown in Fig. 2. There is an asymetric miscibility gap in the
Fol_xS - Crl—xs pseudo binary and a stable ternary compound (iron sulfochro-

mite (FeCr,S“)) with a spinel structure. This spinel phase is called daubre-

elite in geological literature. Since the formation of a monosulfide solid

solution involves the mixing of Fe t and Cr’t fons on the cation sublattice,

the enthalpy and free energy of mixing can be evaluated from the miscibility

gap using a subregular solution model3? as




2 2= 11
™ xCrsxFea{w.sao Xopg + 5,020 "res} J mole (11)

M -1
act = an™ + RT{X, ¢ 1n X o + X, ¢ In X, o) J mole (a2)

= B/ - 2 - 3 3 -1
AGipg RT 1n a0rg 34,100 Xes 29,10¢ Xp o + RT 1n X, o J mole (13)

AG = RT 1n a?

2 3
FeS -9,520 xCrS - 29,100 xCr

+ RT 1n X o J mole~! (14)

eS S

On the basis of these equations, the critical temperature above which the
miscibility gap vanishes is calculated to be 1070 K.
The tie lines in Fig. 2 between the alloy and the monosulfide solid

solution represent exchange reactions of the type,
FeS(s) + Cr(s) =+ CrS(s) + Fe(s) (15)

for which the standard free energy change can be caiculated as,

20t o« B 1 <08 ' 'Fe (16)
3res .- Zcr
AG;73 g = ~13,000 (+2,000) J mole~! (17)

The values for the activities of CrS and FeS in the monosulfide phase can be
obtained from Eqs. (13) and (14),'while the activities of Fe and Cr in the
alloy are given in the compiliation of Hultgren, et al,38 Combining the
Eqs. (2) and (17) one obtains the standard free energy of formation of

Crl_xs according to Eq. (6);
86375 g = -111,900 (+3,500) J mole=} -~

The above calculation assumes that the compositions of the monosulfide phase
in equilibrium with the alloy fall on a pseudo-binary join. A careful

perusal of the phase diagram (Fig. 2) suggests that the sulfur concentration

10



of the monosulfide phase in equilibrium with the alloy varies with the Fe/Cr
ratio. For an exact analysis, therefore, the free energy of formation of the
monosulfide solid solution as a function of Fe/Cr ratio and sulfur concentra-
tion must be evaluated. This can be done by expressing the integral molar
free energy of the monosulfide phase as a power series in mole fraction of
sulfur for different Fe/Cr ratios. The values of the coefficients of the
power series for pure Fel_xs and Crl_xs phases are evaluated from the cor-
responding binary data. The free energy surface for the solid solution can be
generated by assuming that the coefficients in the power series vary linearly
with composition between the two binary ends. The points of common tangency
to the free energy surface for the alloy and sulfide phase are obtained by

solving the three equations,

isulfide = Auialloy (i = Fe, Cr, §) (19)

Au
A detailed analysis along these lines suggests that the standard free energy
of formation of metal saturated Crl_xS phase is -8 kJ mole™! more negative
than the simple analysis outlined earlier. The value calculated in Eq. (18)
is then modified to become =120 kJ mole~!. The value used in this investiga-

tion was =130 (*10) kJ mole~! for the AG?

973 K and is a compromise (Table 1,

and Eq. (7)).

FeCrZS“ (Iron Sulfochromite)

The heat of formation of iron sulfochromite, FeCr,S,, from iron, chromium
and rhombohedral sulfur has been recently measured by Kessler, et al.3? by
combustion calorimetry as =457 (#8) kJ mole”! at 298 K. On the basis of this
value the free energy of formation of FeCrZS“ from FeS and CrS at high tempera-

tures may be evaluated;

11



FeS(s) + CrS(s) + 1/25,(g) * FeCr,S, (s) (20)
AG® = -177,800 + 71T (+8,000) J mole™! (1)
Alternatively, the free'energy of formation of FeCr,§, can be expressed as,
FeS(s) + Cr,8,(s) * FeCr,§, (s) {22)
AG® = -27,200 + 4.2T J mole~! (23)

Vogel and Heumann,*? and El Goresy and Kullerud!“s»!® have documented evidence
for four-phase equilibrium in the Fe-Cr-S svstem at 923 (#50) K, which can be
represented by the equation,

3.68(Ee0

~ EWE o . = %
.SJLrO.h7)l-xS(S) + 0.3_(¥e0.lSClo.Bs)l_xS(s) »> Fe(s) + beLr:S“(s)

(24)
The selecied values for the free energy of formation of Fcl xS, Crl S and
FeCr,S“ and the free energy of mixing of Fel_‘s - Crl_‘S solid solution
correctly predict the free energy change for the invariant reaction which

must be zero at 923 K. This lends further credence to the correctness of the

selected values.

+
Isothermal Plots of log PS2 vs (nCr/(nCr nFe))

Having evaluated the values for Gibb's free energies of various phases
in the Fe-Cr-S syvstem, it is possible to construct isothermal plots of log PS
versus the mole fraction of chromium (n, /(n, + n_)). Two interrelated

€ -~ Lt Fe

techniques are used in calculating the stability fields of the various
phases.

In the first technique, an expression is developed for the total free

energy of the svstem, Free energy is minimized with respect to the number of

moles of each component in each phase, under the constraint that the total

12



number of moles of ecach component remain constant. Although, conceptually
simple, the solution of these equations for various temperatures and partial
pressures of sulfur is complex and numerical techniques are required. The
detailed formulation of the numerical techniques have been given by Counsell,
et al."! and Gaye and Lupis.“? A simplified version of this technique is to
plot the free energy as a function of composition along pseudo-binary section
of the ternary system. The stability fields can then be evaluated by applying
the principle that the stable phase or phase mixture has the lowest free
energy (or the lowest common tangent on the free energy-composition diagram).

A corollary of the stability criterion in terms of the minimization of
the free energy is that the chemical potential of each component in conjugate
phases must be equal. This equality, expressed by Eq. (19), can be used to
calculate the compositions of the conjugate phases. Because of the trans-
cendental nature of Eq. (19), its solution requires, except in the simplest
cases, the use of numerical techniques. The least sophisticated of these is
the Gauss-Seidel t:echnique."3 For a ternary system, three simultaneous
equations must be solved for calculating the composition of the conjugate
phases. The number of steps used in the computation depends on the accuracy
of the thermodynamic data. For the Fe-Cr-S system uncertainties in the data
do not justify more than five steps. This method is only capable of cal-
culating the compositions along two-phase boundaries, and other considerations
must be brought to bear in coordinating the various phase fields in the final
diagram. Alternatively, for any chosen value of temperature and sulfur
potential, one starts with a given composition of the alloy phase, and by
solving Eq. (16) one obtains a value for the composition (nCr/(nCr + nFe)) of
the monosulfide phase in equilibrium with the alloy.

13



The sulfur potential corresponding to the three=phase equilibria can
readily be calculated as a function of temperature, if the free energies of
the three phases and their compositions are known., The calculation is
straightforward, if the phases in equilibrium are of stoichiometric composi-
tion. If solid solutions of varying composition are involved, the composition
of the phases must be evaluated at each temperature and sulfur potential by
first calculating the two phase boundaries and then projecting their exten-
sions into the three-phase field.

In general for ternary and quarternary systems in which some experi-
mental data is available, there is no general formula tor approximating the
missing data and for calculating the phase diagram. In such cases, one must
use what is available and apply a measure of experience and judgment in making
approximations and choosing numerical techniques for computation.

Figure 1 shows the various phase fields in the Fe-Cr-3 system at 1275 K.
The estimated uncertainties in the computed compositions and partial pressures
of sulfur are indicated near the center of the figure. The diagram can
broadly be divided into two regions; a lower region containing the two phase
fields in which alloy is in equilibrium with the monosulfide solid solution
and an upper region involving the spinal phase (FeCr,§ ) in equilibrium with
either (Fv.Cr)l_xS or Cr:SA. A continuous range of monosulfide solid solu=
tion exists, When the sulfur pressure over the system is increased above
atmospheric pressure, a point is reached where liquid sulfur condenses as a
separate phase. Although the condensation pressure of sulfur would vary
slightly with iron or chromium concentration of the sample, because of
differing solubility of the various sulfide phases in the liquid, such
variations are not significant enough to be visible on the diagram. Strictly

14




the sulfur pressure over the Fe-Cr-8 system cannot be increased monotonically
above the condensation pressure, and the vertical axis should terminate at
this point. However, one may explore metastable equilibria at higher sulfur
pressures by suppressing the condensation process. Such metastable exten-
sions are indicated by the dotted lines and are useful for locating the
boundaries of the various phase fields., The metastable extensions obey the
same topographical rules of construction,

Figures 3 and 4 show similar plots of log Pg versus (“Cr/(“Cr + 0 )

3
-

for 1065 K and 900 K, respectively. It is clearly evident from these plots
that the gap between the upper and lower regions gradually decreases upon
lowering the temperature. At 900 K (Fig. 4) the two regions have merged,
thus breaking the continuity of the monosulfide single phase field. As it
will be discussed in a later section, the sulfidation path of any Fe-Cr
alloy can be followed on these diagrams and the composition of the phases
that form at different sulfur potentials can be evaluated., The effect of
temperature on the various phase fields at a constant partial pressure of

sulfur (Pq = 107! Nm™* or 1077 atm) {s shown in . 5

Fe~Ni-S8 System
There are three condensed phases in the Fe-Ni-8 system, bravoite
((Fp.Nt)sr). violorite (Nl)FoS“) and pentlandite ((Fa.Nl)gSs) in addition to
the continuous range of solid solubility between Fv‘_xS and Ni‘_xs and the
extended range of solubility between the liquid sulfides, Of these phases,
bravoite and violorite are not stable at high remperatures and sulfur

potentials of i{nterest {n coal conversion systems,

15
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Fe, 8 = Ni S Solid Solution
1=X l=X
The free energy of mixing of the Fe‘_xs - Ni‘_xs monosulfide solid solu-
tion, estimated from the difference in fonic radii of Fe’* and Ni?*, can be

represented as

\N — * -‘ ¥
AG™ = 3,600 R . Xy o +RT (R o In X o + X o In X00) J mole (25)

The free energy of mixing of liguid sulfides is close to {deal values at a

constant wmole fraction of sultur,

FeNiS, oo (Pentlandite)

Kullerud" has shown from quenching experiments, differential thermal
analysis, and high temperature X-ray diffraction that synthetic pentlandite
of composition FleS“ha decomposes at 883 (:2) K in the presence of sulfur
vapor fnto an fron rich monosulfide solid solution and a high temperature

non=quenchable phase, Nl‘ $.. Studies of Shewman and Clark® confirm the

X 2
decomposition of pentlandite, but show that the fron and nickel solid solu-
bility limits are greater than those shown by Kullerud." Recently Conrad,
et al.'® have redetermined the decomposition temperature, as 890 (12) K,
using differential thermal analvsis. They have also measured the heat
capacity of pentlandite from 400 K to 1400 K by dropping samples equilibrated
at high temperatures into a room temperature calorimeter, There is a dis-

continuity in heat capacity which is attributed to the decomposition or

pentlandite,

IFeNis (8) > JFeS(s) + Nits?(s) (26)

1.68
The heat of dissociation deduced from these measurements is 12.78 kJ per mole

of FeNiS‘.Ga(a). Examination of the samples dropped from above 890 K

16



indicated the presence of (Fe,Ni)S phase. Conrad, et al.%% did not correct
their results for the presence of this quenched high temperature phase,
Conrad, et al.’® also reported the heat of formation of pentlandite obtained

by acid solution calorimetry as =274 kJ mole™! for FeNi$ (8) -at 890 K,

1,68
When this value is combined with the heat of formation uf n1,s2 (Ref. 36)
(=267.2 kJ mole™!) and FeS (Ref. 25) (=142.7 kJ mole™!) at 890 K, one obtains
a value for the heat of dissociation of pentlandite as 42.2 kJ per mole of
FoN(S‘.Sa(s). This value is significantly different from that deduced from
the heat capacity measurements. For the calculations of the present study
we have accepted the value obtained from the heat capacity measurements in
preference to that obtained from acid solution calorimetry.

If the decomposition of pentlandite is vepresented as a complete solid
state process (Eq. (26)), then the entropy change would be 14,36 J per mole
of FeNlSl.ﬁa(s) per degree at 890 K (Ref., 36). This large positive value
for entropy is rvather difficult to understand in view of the configurational
gain in entropy of pentlandite due to the mixing of cations, It suggests,
therefore, that gaseous diatomic sulfur i{s probably a product of decomposition,

It is, therefore, proposed that the decomposition of pentlandite occurs

according to the scheme,

Fe, (Ni, (S3(s8) * 1, SS(N! e, 0,\) (s) + 4, J7(Fe “of
. (27)
Nio.o“ = 0‘,(m) + 0.2398, (g)
for which the standard free energy change is given by
AG® = 60,700 - 30T (+3,000) J mole™! (28)

17
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The partial pressure of diatomic sulfur corresponding to the decomposition at
890 K is 1.95 x 107" Nm™2 or 1.9 x 10= atm. It may appear that the reaction
will not proceed to any significant extent in a closed system of small
capacity, because the sulfur pressure would soon build up to the equilibrium
value, The other two condensed phases present, however, have appreciable
nonstoichiometry and can dissolve gaseous sulfur in their lattice. The
reaction will proceed to completion over a limited range of sulfur pressure
and temperature. The decomposition scheme given in Eq. (27) is also compatible
with the measured pressure dependence of the decomposition temperature in the

pressure range from 4 x 107 ¥Mm~? to 3.6 x 10% Nm™? (Ref. 44).

Isothermal Plots of log Pg = vs (ngy/ (g + 0 )

Based on the thermodynamic data discussed above, plots of log PS2 versus
(“Ni/(nﬂi + “Fe)) at 1275 K, 1150 K and 900 K have been constructed and are
shown in Figs. 6, 7 and 8, respectively. The methods used were analogous to
those discussed for the Fe-Cr-S system. A two phase region must separate the
single phase regions of a-(Fe,Ni) and (Fe.Nt)S‘_x(l) in Fig. 6. Because
the width of the alloy plus the two phase liquid sulfide field is narrow, it
cannot be clearly shown in the figure. With increasing sulfur potential all
alloys of the Fe-Ni system will first form a liquid (metal rich sulfide solu-
tion). The width of the liquid sulfide field is narrow for the iron rich
allovs, and with increasing sulfur potential a monosulfide solid solution will
result. At 1025 K there is no monosulfide phase field in the Ni-8 binary.

At the lower temperatures (1150 K and 900 K) there is a continuous range of

monosulfide solid solutions, but the range of the sulfur deficient liquid

sulfide field is progressively reduced with decreasing temperature

18
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(Figs. 7 and 8). Finally, at 900 K (Fig. 8) there is no liquid sulfide phase,
but a solid Ni3+xsz phase with a wide range of homogeneity and a limited
solubility for iron is present. At sulfur pressures close to one atmosphere
both Fes2 and N182 phases are formed at 900 K with a limited range of solid
solubility. The effect of temperature on the stability fields of the various

phases at a fixed partial pressure of sulfur (P52 = 1072 Mn~? or 10-7 atm) is

shown in Fip 9,
Ni-Cr-§ System

The ternary Ni-Cr-S phase diagram is not available from the literature.
The spinel compound NiCrzs“ has been identified, during the sulfidation of
Ni-Cr alloyu.“s There is no thermodynamic data on either the spinel compound
or the solid and liquid solutions in the Ni-Cr-§ system. Since the ionic
radii of Ni®* and Cr®* are 0.84 A and 0.87 A, respectively, on the Shannon
Prewilt scale for sixfold coordination, mixing of these cations may be
assumed to be ideal. It follows that activities in the liquid and monosulfide
phases are equal to mole fractions at constant sulfur concentrations. In the
(Cr.Ni)283 solid solution the activity of each component is equal to the

square of the molefraction,

2

a = (29)
Ni,S, XNt,8,

a - X2 (30)
CR:,S3 Crzs3

since there are two cations in each molecule of the components in the mixture.
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NiCrzs“ (Nickel Sulfochromite)

Recent studies“®"5! have shown certain regularities in the heats of
formation of 2-3 spinels (u2+xg+o“). from component oxides MO and X203. For
example plots of the heats of formation of aluminates and chromites as a
function of the group number of the divalent cation produces two sets of
parallel curves thus indicating that the difference in the heats of formation
of aluminate and chromite spinels are almost the same (4,000 J mole™!).

The heat of formation of the iron sulfochromite (FeCrzs“) from its component
sulfides FeS and Crzs3 has been evaluated earlier as -27,200 J mole™!

(Eq. (23)). This value is c(lose o (be hear .f formation of FeAl,0, which is
-27,800 J mole~!. The heats of rormariur of other sui‘ochromites can, there-
fore, be considered to be equal to those of the corresponding aluminates.

The heat of formation of NiCrzs“ is estimated, accordingly, as
NiS(s) + Crzsa(s) > NiCrZS“(s) (31)
AH® = -5,900 J mole~! (32)

The entropy of formation of 2-3 spinels from their component binary
compounds can be represented as,"8-51

M s ;

AS = k + AS Sngh

+ As‘: J mole~! (33)

where k 1is a constant having a value of -7.3 (*1.2) for oxide spinels,

ASM is the entropy of cation mixing in the tetrahedral and octahedral sites

of the spinel structure, and AS'J'r in the Jahn-Teller entropy associated with
the randomization of the orientation of orbitals with prolate or oblate dis-
tortions. The value of ASJT iz 8.8 J mole 'K”! and AS“ has a value of

2.3 J mole 'K™! for NiCr,5,. The value of the constant k for the
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2-3 sulfospinels can be evaluated as -4.3 J mole 'K™! by comparing Eq. (33)
with the value of the entropy of formation of FeCr,S, evaluated earlier
(Eq. (23)). The entropy of formation of NiCrZS“ according to Eq. (31) can,

therefore, be estimated as 6.8 J mole” K™},

. Isothermal Plot of Log Ps2 vs (“Cr/“Cr + “Ni)

The stability field diagram for Ni-Cr-S system has been constructed only
at 1275 K and is shown in Fig. 10, This diagram is based on the estimated
thermodynamic data on sulfides reviewed above and the information on binary
Ni-Cr alloys summarized by Hultgren, et al.3® An interesting feature of this
diagram is the limited range of solubility between the chromium rich mono-
sulfide phase and the nickel rich liquid sulfide phase. As will be seen,
this particular information is very useful in interpreting the sulfidation

behavior of SAE 310 stainless steel.
QUARTERNARY SYSTEM: Fe-Cr-Ni-§S

In order to construct the Fe-Cr-Ni-S quarternary phase diagram the

following information is required;

1. Free energy of mixing of the Fe-Ni-Cr alloy
2. Free energy of mixing of the pseudo-ternary monosulfide solid
. solution (Fe,Ni.Cr)l_xS
3. Free energy of mixing of the sulfur deficient ternary liquid sulfide
phase (Fe.Ni.Cr)Sl_x(l)
4, Activities in the FeCrZS“-NICrZS“ spinel solid solutions
The first three sets of information regarding the free energy of mixing

of ternary or pseudo-ternary systems can be expressed as a sum of contributions
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of the corresponding binary systems at points that are closest to the ternary

52

compositions, For example this can be expressed as

H.E - = =t = 2
Fe,Ni, Cr = “reini (Bo * BiXp, = Xp) + Ba(Xp, = ()% + . . )

*EE. (RO, =X ) +0. (0. -2 )2+, . )

* xCr‘?e {Bl(xCr i x?c) » B2(xCr = ch)z £yl

AG

(34)

where B, 'l' and B, are the empirical constants for the binary Fe-Ni system,
B;. B;‘and B; correspond to the Ni-Cr system and B,, B, and B, represent

the data on the Cr-Fe alloys. These constants are obtained by expressing the
binary values as a power series in (xi - Xj) (Ref. 52). The composition paths
on the Ternary Gibb's triangle, along which (Xi - XJ) are constant, corre-

spond to perpendiculars drawn from any point inside the triangle to its sides.®?

Activities in the spinel solid solution can be calculated using a com-
plex model®? that computes the configurational entropy gain due to the
redistribution of three cations between the tetrahedral and octahedral sites
governed by the site preference energies of the cations."® The heat of
cation redistribution is also evaluated from the site preference energies.

The quarternary phase diagram at a fixed temperature can in principle be
represented by plotting the logarithm of the partial pressure of sulfur on an
axis perpendicular to the composition triangle on which the composition of
the Fe-Ni-Cr alloys are located. The stability fields of the various phases
are then located within the volume of thg prism, The sides of the prism
represent the ternary phase diagrams of the Fe-Cr-§, Fe-Ni-S, and Ni-Cr-§
systems. The edges of the prism represent the influence of sulfur on the
stability fields. The quarternary phase fields occupy the interior of the
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prism. Since a space model of the type described is too complex for graphical
display, an example is given in Fig. 11 of the sulfide phases and their
compositions that would be expected to be formed at 1275 K on SAE 310 stain-
less steel at different sulfur potentials. For the purpose of this construc-
tion SAE 310 stainless steel is considered as an Fe-Ni-Cr alloy containing

54 at pct Fe, 20 at pct Ni and 26 at pct Cr. The presence of minor amounts
of other elements Mn(1.7), Si(0.72), Mo(0.49), Co(0.38), Cu(0.21), C(0.05),
P(0.035) and S$(0.01) have been ignored. The activities in the idealized
alloy are: e ® 055, R, 0.34, and any = 0.15. Five major phase fields
are identified in Fig. 11. The actual compositions of the sulfide solid
solutions, which change with the sulfur potential, are shown at regular
intervals of sulfur potential. All the phases in a quarternary diagram can
indeed be extrapolated from a study of the three ternary systems. For this
reason the time consuming calculation of the quarternary phase fields have

been attempted only at one temperature.
MECHANISM OF SULFIDATION OF ALLOYS

It can be highly instructive to follow the progress of sulfidation of
alloys on the basis of stability field diagrams. For this purpose an alloy
has been chosen having a Fe/Cr ratio the same as in SAE 310 stainless steel
(molefraction of Cr, “Cr/CnCr K nFe) = 0.35). The phase fields of the
Fe-Cr-S system at 1275 K are displayed in Fig. 1. From this diagram it is
seen that sulfidation of this alloy will occur at sulfur pressures in excess
of 10736 Nm™2, At lower partial pressures of sulfur there will be some

limited solid solubility of sulfur in the alloy. At P_ equal to 10-3:6 Nm=2,

S
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the initial sulfide phase that forms is rich in chromium (cro.ssreo.ou)x-xs
as can be seen from Fig. 1 by drawing a horizontal line through the two phase
lens (a + (Cr.re)l_xS). As the sulfur pressure in the gas is increased, the
alloy will become depleted in chromium and its composition will follow the
lower curve to the iron-rich corner. Composition of sulfide phase will under
equilibrium conditions follow the upper curve and also move towards the iron-
rich corner. At any given sulfur pressure the composition of the alloy and
the sulfide is given by the intersection of the horizontal tie line with the
curves delineating the two phase region. When a sulfur pressure of 1072 Nm~2
is reached, the Cr/Fe ratio of the sulfide phase is the same as that of the
bulk alloy. The alloy phase in equilibrium with this sulfide contains approx-
imately 1 at pct Cr. The monosulfide phase cannot contain more iron than the
bulk alloy.

On increasing the sulfur pressure, no further change in sulfide compo-
sition will occur until a sulfur pressure of 10!*? Nm™? is reached. At this
pressure the spinel phase, FeCrZS“. will form in the scale in addition to the
monosulfide solid solution. The relative amount of spinel phase will
gradually increase with increasing sulfur pressure. When a pressure of

1098 Nm~< is reached, liquid sulfur will condense as an additional phase.
COMPARISON WITH EXPERIMENT

The validity of the sulfur potential diagrams can be evaluated by com-
paring the data with the experimentally observed results. The experimental
data acquired on the sulfidation of SAE 310 stainless steel!s? permit such
comparison. The calculated sulfur potential diagrams and the sulfidation

tests were performed at identical temperatures and sulfur potentials thus
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facilitating a direct comparison. There is, however, a difference between
the real equilibrium data and a dynamic corrosion test. The sulfur potential
diagrams describe the relationship between true equilibrium phases which are
expected to form when a controlled stream of reactive gas mixture is per-
colated through a fine powder of the alloy. Such tests would be of little
value in industrial corrosion tests. During a dynamic corrosion test, true
equilibrium will occur only at the gas/scale interface, while the main
reaction is probably controlled by a diffusion process. Consequently, the
scales that develop during a dynamic corrosion test may exhibit morphologies
that differ from those of the equilibrium phases.

The dynamic sulfidation of SAE 310 stainless steel has been studied over
the temperature range from 910 K to 1285 K at sulfur potentials from
39 Nm™2 to 1.5 x 107" Nm™¢ (Refs. 1, 2). A1l sulfide scales contained one or
two surface layers in addition to a subscale. The second outer layer (OL-II),
furthest from the alloy, contained primarily Fe-Ni-S. The first outer layer
(OL-1), nearest to the subscale, contained Fe-Cr-S. The reaction was found

to obey the parabolic rate law after an initial transient kinetic behavior.

Transient Kinetic Behavior
When the sulfide scales are adherent, their growth most often occurs at
the alloy-scale interface and is accompanied by the outward diffusion of
cations through the scale. Since the initial sulfide formed at the alloy-
scale interface is rich in chromium and the scale formed at the later periods
contain progressively less chromium, diffusion rates through the scale most

probably vary with time, and results in "transient kinetic behavior." Once

the composition of the corrosion product becomes constant, the scales tend




to grow at a steady rate. This "transient kinetic behavior" as well as the
gradient in iron and chromium across the sulfide layer (OL-I) on SAE 310
stainless steel have been demonstrated by Rao and Nelson, !

Another interesting factor worth noting is the nonequilibrium widening
of the two phase lens. Because of the presence of a diffusion gradient across
the scale, the activities of the metal components at the scale-gas interface
are always less than that at the alloy-scale interface. This causes the two
phase lens in the phase diagram to be slightly wider for nonequilibrium
sulfidation. The extent of this widening can only be evaluated when diffusion
coefficients of the cations are available. In this respect, it may be noted
that the diffusion rates in the sulfides are much greater than those of the

oxides and, hence, the oxides may show greater nonequilibrium widening.

Comparison with OL-1 (Fe-Cr-S System)

The compositions of the individual lavers of a composite scale formed
during the sulfidation of SAE 310 stainless steel have been carefully analyzed
as function of temperature and sulfur potential and compared with what has
been predicted by the sulfur potential diagrams. As already mentioned, the
outer layer nearest the alloy (OL-I), formed during the corrosion tests,
contained phases that belong primarily to Fe-Cr-S system.

The open circles in Fig. 1 show the sulfur potentials at which the
sulfidation of SAE 310 stainless steel was investigated.’ The experimentally
determined composition of OL-1 is shown by asterisks in the figure. Despite
the fact that the presence of nickel has been ignored, the measured compo-
sitions are close to those predicted on the basis of the Fe-Cr-S ternary

diagram. This is very encouraging, especially when the uncertainties in the
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construction of nonequilibrium widening of the two phase field are taken inté
consideration. At the lowest sulfur pressure investigated2 only a slight
sulfidation of chromium is expected and at the two higher sulfur pressures
complete sulfidation of chromium and iron should occur. The parabolic rate
constant at the lowest sulfur pressure should, therefore, be significantly
lower, as confirmed by experiment.?

At 1065 K (Fig. 3) the pattern of sulfidation of Fe-Cr alloy should be
similar to that at 1275 K. The three experimental sulfur pressures lie in
either the monosulfide phase field or monosulfide plus spinel phase field.
Both iron and chromium should undergo sulfidation. The diagram indicates
that the Fe/Cr ratio of the sulfide phase should be the same as that of the
bulk alloy. This is again verified by the experiment,2 and shown by the
asterisks in Fig. 3.

At 900 K (Fig. 4), because of the discontinuity of the monosulfide solid
solution phase field, the sulfidation behavior of the Fe-Cr alloy should be
different from that at the higher temperatures. At the start of sulfidation,
the chromium rich monosulfide phase will form. However, the maximum solu-
bility of Fel_xS in Crl_xs of 13 mole pct is attained at PS2 = 1078:3 Nm=2,

Most of the chromium at the alloy interface is converted with the
formation of a chromium rich monosulfide. On increasing the sulfur pressure,
the monosulfide solid solution will react with the iron in the alloy to form
tue sulfospinel (FeCrZS“). Since the alloy is physically removed from the
scale-gas interface, the amount of spinel formed will be limited by the
outward diffusion of Fe?’t jons. Increasing the sulfur pressure above
1073:7 Nm~? would convert the chromium rich monosulfide phase into a mixture

containing Cr283 and smaller amounts of FeCrzs“. The formation of a thin
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layver of FvCr:S“ at the lower temperatures has been, in fact, detected
vxpvrtmoulally;: Figure 12 shows the composition analysis of the scale
developed on SAE 310 stainless steel at 933 K,

The effect of temperature on the phase fields of the Fe=(Cr-8 system at
a sulfur partial pressure of 1077 Nm™" {s shown in Fig. 5. Decreasing
temperature {s seen to increase the stability field of FeCr 8 . Sioce the
diagram is determined under the constraint that PSE = 10°% M™%, {t does not
give a quantitative picthxe of phase changes that occur during cooling of
the corroded specimen, Despite this limitation, the tendency for the spinel
to form at lower temperatures {s supported by the obsevvation that atter slow
cooling the microstructure of Oﬁwl containe lavered structures of Fe-Cr=§
which differed in the Fe:Cr ratfo. When the corroded specimen is given a
vapid quench, only the monosulfide phase (= observed,

In the ternary Fe-Cr=Ni allovs, in which the Fe/Cr ratio and the Fe/Ni
ratio arve the same as {n SAE 3110 stainless Wteel, the fnitial sultidation of
Cr and Fe proceeds in a fashion similar to that of the binary Fe=Cr alloy

with only minor changes i{n the sulfur potential and the componition of the

phases due to altered activities in the ternary alioy (compare Figs. 1 and 11),

Comparison with OL=11 (Fe-Ni=8 System)
The fnitial sulf{dation of chromium and {ron causes the depletion ot
these elements and the enrfchment of nfckel at the allov=scale interface.
The nickel fons ditfuse out through the scale. When P81 fn the gas phase
{s above 107105 Nw™? and the temperature is in the ran;p of fE?S K, a liquid
Fe=Ni-8 melt {8 formed (Fig., 6). This wmelt is vich in metallic comporents

and detficient {n sulfur. This phase will be immincible with the underlaving
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Fe-Cr-8 layer of OL=1 and inftiates the development of the OL-11 layer, the
sulfide layer furthest from the alloy, At 1275 K the stability of the liquid
phase i{s narrow, and when Ps2 is greater than 10°1+27 Nm™7, the liquid phase
will transform into a solid (Fa.Nl)l_xs solutfon (Fig. 6)., This microstruc-
ture is shown in Fig. 13 where the growth of (Fe.Nl)l_xS solid phase from
the liquid melt is evident. In the equilibrium quarternary diagram at 1275 K
there is a continuous range of solid solution between the monosulfides of
iron, chromium and nickel, although at the lower temperatures a miscibility
gap develops between (Fa.Cr)‘_xS and (Fe.Ni)‘_*s or (Fa.Nl)akxsznolid solu=
tions, Despite the presence of a continuous solid solution field, the
(Fe.Cr)l_xS solid solution formed initially (OL-1) and the (F@.Nl)l_xs
(OL=11) that forms from the melt are in contact only along a single surface,
and remain as separate phases during the sulfidation process. The interface
between the two monosulfide phases should remain fairly sharp even after
prolonged periods at high temperature. This is due to the conversion of
diffusing chromium ifons through the OL-1 to the sulfide phase by displace-
ment reaction with F’l-xs (Eq. 5) and Nii_xs. On increasing the sulfur
pressure above 1019 Nm™?, the FeCras phase will appear as a corrosion
product, with some NiCrzs“ dissolved in it (Fig. 6), The amount of NiCr, S,
in the spinel solid solution will increase with increasing sulfur pressure
facilitating higher diffusion rates at higher sulfur potentials., The rela-
tive thickness of OL=IT will increase with increasing sulfur potential which
has been observed experimentally.'

In the sulfidation studies conducted at the highest sulfur potential
(39 Nw™%), it is expected on the basis of the gquarternary diagram that Cr,Fe,
and Ni will be completely corroded at 1275 K. The corrosion rates are
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limited by the rate of transport of catfons through the scale, At the inter-
mediate sulfur potential (1.4 x 1077 Nm™") complete corrosion of Cr and Fe is
expected while Ni will not form sulfides (Fig. 6). At the lowest sulfup
potential (1.5 x 107" Nm™") only superficial sulfidation of chromium is
expected, The pavabolic rate constants for sulfidation at 1275 K should
decrease sharply with decreasing sulfur potential as observed experimentally,?
At the intermediate sulfur pressure (1.4 x 107 Na~") OL=11 should become
fully liquid at 1165 K (Fig. 9). Rao and Nelson® observed a liquid phase to
deip from their specimen at 1145 K = in good agreement with the phase

diagram,

Effect of Cooling

An important point that emerges from the discussion ot the corrvosion
behavior of SAE 110 stainless steel at 1275 K {8 that the sequence of events
can readily be predicted from the consideration of the three binary systems,
Fo=Cr=8, Fe-Ni-8 and N{=Cr-$, with only minor changes in the sulfur pressures
and compositions of the phase boundavies. The only major observation that
needs further clavification i{s the microstructure of the Fe=Ni-8 layer (O0L-11),
which was found to be composed of a mixtuve of (?é.ﬂ‘)‘_xs monosult {de solid
solution, pentlandite (Fv.Nt)QSs. and/or Fe=Ni alluy.3 On the basis of the
high temperature phase relations, pentlandite and the associated alloy phase
do not appear to be high temperature phases an& thus must torm during cooling,

In order to explore the effect of cooling, a vertical section through :
the ternary Fe=Ni=8 composition-temperature phase relationships was developed

and is shown in Fig, 14, A fundamental difference bhetween the vertical

sections in a ternary svstem and the equivalent binary svstem {s that, in
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general, the liquidus and solidus lines in vertical sections are not conjugate
lines as they are in the binary phase diagram. Also the horizontal lines
joining the composition of conjugate liquid and solid phases are not tie
lines. At a temperature of.1150 K and sulfur pressure of 1.4 x 102 Nm~? the
composition of OL-II1 containing Fe, Ni and S will lie on section a-b shown in
Fig. 14, At this temperature the OL-II is composed of (Ni.Fe)Sl_x(l) with
small amounts of iron-rich (Fe,Ni)l_xS solid solution. On cooling
(Ni.Fo)th2 begins to crystallize from the liquid sulfide melt, until all
the liquid phase is used up. The changes in composition caused by a further
decrease in temperature results in the precipitation of some Fe-Ni alloy.
Below 850 K pentlandite begins to form as a solid phase from (Fe,Ni)l_xS and

(Ni,Fe)3 xS The formation of pentlandite appears to be extromely rapid and
+

T
cannot be prevented by quenching the corroded samples. This sample clearly
demonstrates the necessity for high temperature stability field diagrams for

the interpretation of corrosion behavior on the basis of corrosion products

observed after cooling the corroded specimen to room temperature,
SUMMARY

The sulfur potential diagrams were developed for the ternary systems of
Fe-Cr-S, Fe-Ni-S and Ni-Cr-S and the quarternary system of Fe-Cr-Ni-S. At
high temperatures these systems contain ternary compounds and solid solutions
for which thermodynamic'data are not available. The free energies of forma-
tion were estimated using current models and correlations along with avail-
able information on phase relations in other ternary systems that exist

mainly in the geophysical literature. Conflicts in existing data on some
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binary compounds are discussed and values consistent with ternary phase
relations and empirical correlations were selected, Based on these thermo-
dynamic evaluations, sulfur potential diagrams were constructed. The
caleulated stability phase fields were compared with sulfide phases and
compesitions obtained experimentally following the dynamic sulfidating of
SAE 310 stainless steel. Since the composition of the sulfide scales often
controls the kinetics of sulfidation, the ability to predict the structure
and composition of these phases are a significant step forward in the under-
standing of corrosfon behavior and in the design of alloys for specitic

sulfur environments,
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TABLE 1. COMPARISON OF REPORTED VALUES FOR THE STANDARD GIBB'S FREE

ENERGY OF FORMATION OF METAL SATURATED Crl_xS PHASE AT 973 K

Investigator AG®, kJ mole~! Experimental technique

Hager and Elliott?" -148 (+2) Gas equilibrium
Young, Smeltzer, and Kirkaldy?® -140 (8.5) Gas equilibrium
El Goresy and Kullerud!®

Simple analysis assuming that the Phase diagram deter-

monosulfide phase behaves as mination by X-ray

pseudo-binary system =112 (#3.5) analysis

Complex analysis that corrects

for the varying sulfur concen-

tration of the monosulfide solid

solution -120 (z4)
Selected value =133 (*10)
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AGO

NOMENCLATURE

activity of component i

standard Cibb's free energy change

integral molar free energy of mixing

partial molar free energy of mixing of component i
standard enthalpy change

partial molar enthalpy (heat) of mixing of component i
integral molar enthalpy (heat) of mixing
equilibrium constant

moles of component i

partial pressure of diatomic sulfur

gas constant

partial molar entropy of mixing of component i
integral molar entropy of mixing

standard entropy change

absolute temperature

mole fraction of component i

activity coefficient of component i

relative chemical potential of component i
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FIGURE CAPTIONS

Fig. 1. Stability fields in the Fe-Cr-S system at 1275 K as a function of

jog P .
s2
Fig. 2. Gibb's triangle representation of phase relations in the Fe-Cr-$

system at 973 K,!%»15

Fig. 3. The stability fields in the Fe-Cr-S system at 1065 K as a function

Fig. 4. The stability fields in the Fe-Cr-S system at 900 K as a function

oFE F
s2

Fig. 5. Effect of temperature on the stability fields of various phases in
the Fe-Cr-S system at a fixed sulfur partial pressure

(Pg = 1072 Nm™2).
2

Fig. 6. Stability fields in the Fe-Ni-S system at 1275 K as a function of

P .
s2

Fig. 7. Stability fields in the Fe-Ni-S system at 1150 K as a function of Pg -«
2

Fig. 8. Stability fields in the Fe-Ni-S system at 900 K as a function of P

5,

Fig. 9. The effect of temperature on the stability fields in the Fe-Ni-S

system at a constant partial pressure of sulfur (Ps = 1072 Nm~2).
=

Fig. 10. Stability fields in the Ni-Cr-§ system at 1275 K as a function of P
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Fig. 11.

Fig. 12.

Fig. 13,

Fig. 14.

The sulfide phases and their compositions at 1275 K that form on
SAE 310 stainless steel under equilibrium (powdered alloy) and
nonequilibrium (bulk sample) conditions at different sulfur

partial pressures.

Compositional analysis of specimen corroded at 933 K showing spinel

phase OL-II1/0L-1/subscale/alloy.

Microstructure of a monosulfide (Fe.Ni)l_xS solid phase growing out

of an initially thin film of liquid melt ((Fe.Ni)Sl_x(l))-

A vertical section through the Fe-Ni-S composition-temperature
phase diagram. The composition of OL-II at 1150 K and

Ps = 1.4 x 1072 Nm~? falls on the section a-b. The points

2
a and b are the compositions >f the binary Fe-S and Ni-S phases

that exist at 1150 K and B, 1.4 x 1072 Nm™2.
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Fe-Cr-S, 1065 K
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Fe-Cr-S, 900 K
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Fe-Ni-S, 1275 K
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Fe-Ni-S, 1150 K

nN'i/(nNi; nFe) )

Fig, 7

I H : 3 1
(Fe, Ni)|-xs+S“'J\lez+S(L,- =
6 . .
(Fe, Ni)_xS+NiS,+Sy, NiS; -
. B (Fe, Ni)_xS+Ni S, =
o | (Fe. Ni).-xS
o .
(}l ok (Fev Nl)S|..x(L
g (Fe. Ni)|_xs+ 1
. o/ (Fe,Ni)Six(t)
Pl .
o 4% \ (@) NiS._x(l)"‘Y(Fe, Ni)
o FeS+ =
el Y -(Fe, Ni)
-8 rl» Y -(Fe, Ni)
o Q+y
-12 it Q-Fe
-'4 '
|| 1 3 | :
Fé = = 6 8 NI

log Ps, , atm



log Ps,,Nm™2

Fe-Ni-S, 900 K
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