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Abstract—A refined Avrami method, that assumes that the activation energy is a function of reaction extent
y, was used to analyze the kinetics of the exsolution of pentlandite from mss/pyrrhotite (bulk composition,
(Fe0.77Ni0.19)S) over the temperature range 473 to 573 K. The experimental results show the reaction rates
vary from 1.6 � 10�5 to 5.0 � 10�7 s�1 at 473 K and from 9.4 � 10�5 to 4.1 � 10�7 s�1 at 573 K.
Examination of exsolution textures indicated that the mechanism of exsolution did not change significantly
over the temperature range investigated. The activation energy (Ea) decreases from 49.6 to 20.7 kJ mol�1 over
the course of the reaction. The decrease in Ea with y is related to the change in the dominant factor of
pentlandite exsolution, from nucleation dominant at the beginning to metal ion diffusion dominant at the end.
The classic Avrami method provides average values of kinetic parameters for the overall solid-state reaction
while the refined Avrami method provides more a detailed indication of the variation of kinetic parameters
over the course of the reaction. Previously published kinetic data for the exsolution of pentlandite from
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mss/pyrrhotite are reevaluated using the refined Avrami method. Copyright © 2005 Elsevier Ltd

l

1. INTRODUCTION

The kinetic behavior of many mineral reactions has been
successfully modelled using the Avrami /Arrhenius model,
where the activation energy, Ea, is assumed constant during the
course of reaction (Wiersma and Rimstidt, 1984; Putnis, 1992).
Preliminary analysis of data for the exsolution of pentlandite
and pyrrhotite from the monosulfide solid solution (mss) indi-
cated that some modification to this classical treatment was
necessary for the reactions in the Fe-Ni-S system (Wang et al.,
2003; Etschmann et al., 2004). In this system, activation ener-
gies are comparatively small and changes in local crystal chem-
istry are significant. Vyazovkin (2001) noted that the notion
that Ea varies with reaction extent, y, can be widely applied and
the assumption of a constant Ea is only valid for a small
segment of reaction extent (�y). The Advanced Isoconversional
Method (Vyazovkin, 1997; Vyazovkin, 2001) can be used to
evaluate the dependence of Ea on reaction extent, y, using
integration techniques.

Empirically it is found that the isothermal kinetics of a wide
range of mineral reactions can be described by an equation of
the general form

y � 1 � exp [�(kt)n] (1)

where k is a rate constant, t is the reaction time, y is the reaction
extent and n is a time exponent that depends on the reaction
mechanism (Burke, 1965; Christian, 1965; Putnis, 1992).

Solid-state reaction kinetics is based on the activated state
theory, where the reaction rate can be written as
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dy

dt
� k · f(y) (2)

As k, the rate constant in Eqn. 1 is defined in terms of both y
and t, it is not a true rate constant in the same sense as it is in
Eqn. 2, where k has the unit of s�1.

It is well known that rate constants are exponentially dependent
on the inverse of absolute temperature. The dependence of k on
temperature has the general form of the Arrhenius equation:

k � A exp ��
Ea

RT� (3)

where A is the preexponential constant. The disadvantage of
this method is that the value of k depends on the empiric
selection of the function f(y) in Eqn. 2 and therefore Ea depends
on the choice of rate equation. A number of different forms of
rate equation may fit the data equally well, but result in differ-
ent values of Ea (Vyazovkin and Wright, 1997). A second
disadvantage is that it assumes Ea does not change over the
course of an isothermal transformation. However, the activa-
tion energy needed to stimulate a reactant to an activated state
is dependent on local structural features. The local structural
environment of reactant atoms usually changes over the course
of a reaction. Thus, it is reasonable to believe Ea is a function
of y.

An alternative approach is to use the isoconversional meth-
ods of Friedman (1964), Ozawa (1965) and Vyazovkin and
Lesnikovich (1990) where Ea is evaluated universally. Ozawa
(1965) employed the integral approximation of Doyle (1961) to
derive the equation:

og � � constant � 0.4567 Ea ⁄ RTY (when Ea ⁄ RTY � 20) (4)
where � is the heating rate; TY, the temperature reached when
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reaction extent is y � Y. Given the constancy of Ea, the plot of
log � vs. the reciprocal absolute temperature at a given reaction
extent, y � Y, must give a straight line. This is known as the
Ozawa isoconversional method and the slope determines the
activation energy. The dependence of activation energy on
reaction extent, which is caused by the changing physical and
mechanical properties of the reaction medium, was further
developed by Vyazovkin (2000a).

In the current study on the exsolution of pentlandite from
mss/pyrrhotite, the mss/pyrrhotite is the reaction media and it
becomes progressively metal deficient with increasing reaction
extent. Most solid-state reactions are multiple-step reactions.
The activation energy dependence on reaction extent reflects
the variation in relative contributions of each step to the overall
reaction rate (Vyazovkin, 2000b). The main purpose of this
study is to find a more appropriate formalization to describe the
kinetic behavior of pentlandite exsolution from mss/pyrrhotite.
This method incorporates the notion of Ea dependence on y
(Vyazovkin and Dollimore, 1996; Vyazovkin and Wright,
1997; Vyazovkin, 2003). In this paper a refined Avrami model
is derived and fitted to the isothermal data.

Pyrrhotite (Fe,Ni)1-xS and pentlandite (Fe, Ni)9S8 are impor-
tant constituents of primary nickel sulfide ore deposits. Pent-
landite is invariably associated with pyrrhotite. At high tem-
peratures (above 883 K) (Fe,Ni)1-xS has the NiAs structure and
is known as the monosulfide solid solution (mss). Above 883 K
there is complete solid solution between Fe and Ni end mem-
bers, but below this temperature mss breaks down via exsolu-
tion of pentlandite with the residual mss undergoing metal-
vacancy ordering to form pyrrhotite (Naldrett et al., 1967;
Misra and Fleet, 1973a; Francis et al., 1976; Vaughan and
Craig, 1978; Durazzo and Taylor, 1982). During exsolution the
Ni is concentrated into pentlandite, and in nature the host
mss/pyrrhotite usually contains less than 1 atomic % Ni. In
experimental studies, coexisting pyrrhotites can contain up to
25 atomic % Ni replacing Fe, the extent of this substitution
depends both on the bulk composition and temperature (Craig,
1973; Misra and Fleet, 1973a,b; Vaughan and Craig, 1978;
Etschmann et al., 2004). Experiments have shown that at 503 K
the maximum Ni content of mss diminishes to 17 atomic % Ni.
This value is still much greater than the range of Ni contents for
pyrrhotites that coexist with pentlandite in magmatic sulfide
deposits, and indicates that chemical readjustments in these
sulfides occur at very low temperatures (Naldrett et al., 1967;
Craig, 1973; Misra and Fleet, 1973a; Farrell and Fleet, 2002;
Etschmann et al., 2004).

The composition and stoichiometry of the exsolved pent-
landite is variable, and in nature, atomic Fe: Ni ratios vary from
1:3 to 3:1 but most natural compositions are close to 1:1 (Riley,
1977). The pure Ni and Fe pentlandite end members are not
stable and Ni-rich pentlandites have been reported to show
some cation deficiency (Ni,Fe)9-xS8 while Fe-rich pentlandites
are said to be cation excess (Fe,Ni)9�xS8 (Rajamani and Pre-
witt, 1973; Vaughan and Craig, 1974, 1978). The nature of this
exsolution process has been studied by a number of workers
(Francis et al., 1976; Durazzo and Taylor, 1982; Kelly and
Vaughan, 1983; Wang et al., 2003; Etschmann et al., 2004).
Durazzo and Taylor (1982) and Kelly and Vaughan (1983)
performed systematic studies investigating the exsolution tex-

tures produced in synthetic materials. They found that the
texture was dependent on the annealing time, the temperature,
and S fugacity. Early-formed textures depend on the initial
degree of supersaturation and solid-state diffusion; the final
textures result from further growth and coarsening of early
forms and are particularly sensitive to metal diffusion, which is
a function of temperature. Kelly and Vaughan (1983) also
reported some preliminary kinetic studies on the pentlandite-
pyrrhotite system.

Yund and Hall (1970) studied the kinetics of exsolution of
pyrite from pyrrhotite. They measured changes in mss/pyrrho-
tite composition by X-ray diffraction and thus were able to
estimate extent of pyrite exsolution. The stoichiometry of pure
Fe mss/pyrrhotite can readily be determined from the cell
parameters and the value of the d102 spacing of the NiAs
subcell (Arnold, 1962; Toulmin and Barton, 1964; Fleet, 1968;
Yund and Hall, 1970). Misra and Fleet (1973b) reported similar
results for the effects of Ni/Fe substitution on the d102 spacing
in mss/pyrrhotite, but the changes are an order of magnitude
greater than those of the M: S (metal to sulfur) ratio. During the
exsolution of pentlandite from mss/pyrrhotite, not only does the
stoichiometry of mss/pyrrhotite change but also the Ni/Fe ratio,
so Yund and Hall’s (1970) method of measuring the extent of
reaction from changes in the mss/pyrrhotite cannot be readily
used in this case.

Etschmann et al. (2004) undertook detailed studies on the
kinetics of exsolution using powder neutron diffraction phase
analysis on anneal/quench samples and in situ cooling experi-
ments. The compositions they investigated were restricted to
M: S ratio of 1:1 and the kinetics was found to be very rapid.
They concluded that these rapid reactions were driven by very
rapid nucleation triggered by formation of S vacancies in the
mss lattice. Heating mss with M: S ratio of 1:1 to 573 K
produces S vacancies, which provide metal-enriched sites for
the nucleation of pentlandite (Etschmann et al., 2004). Only in
anneal/quench experiments at low temperatures, � 473 K, was
the exsolution process slow enough to allow the data to be fitted
to a kinetic model and they used the classic Avrami model
(Avrami, 1939; Avrami, 1940, 1941; Christian, 1965; Putnis,
1992). Unfortunately, the low temperature data of Estchmann
(2004) were very limited and the uncertainties in the phase
portions were relatively large. These errors were amplified
during model fitting and resulted in large uncertainties in the
calculated activation energy.

In this study, we have used similar methods of powder
diffraction phase analysis to investigate a more S-rich compo-
sition (Fe0.77Ni0.19)S, where metal to sulfur ratio is 49:51. In
these experiments, exsolution is somewhat less rapid.

2. EXPERIMENTAL

2.1. Synthesis

The standard silica-tube techniques (Kullerud, 1971; Vaughan and
Craig, 1978) were adopted to synthesize the monosulfide solid solution
(mss). Accurately weighed stoichiometric amounts of Fe (1 mm diam-
eter wire, 99.9�%, Aldrich), Ni (1 mm diameter wire 99.9�%, Al-
drich) and S (granules 99.99�%, Aldrich) were sealed under vacuum
in 10 mm diameter silica tubes. Bulk compositions of mss were selected
to give a Ni: Fe of 20:80 and a metal to sulfur ratio M: S � 49:51. The
charges were heated slowly to 573 K, then up to 773 and 1073 K,
soaking for 12 h at each stage (Etschmann et al., 2004). The slow

heating schedule and soaking process were employed to minimize tube
failure due to high sulfur vapour pressure above 723 K. The tubes were



points
OF) fo

417Exsolution kinetics of pentlandite
quenched to room temperature in cold water. The charges were re-
moved from the tubes and ground to fine powder under acetone
ensuring the homogeneity of the mss. The samples were then resealed
in new silica tubes and heated at 1373 K for 2 h, cooled to 1173 K,
annealed for 7 d and then quenched in a large volume of cold water.
This resulted in homogenous samples with a relatively uniform grain
size of �0.5 mm. A series of anneal/quench experiments were per-
formed on the mss at temperature range from 473 to 573 K with
annealing periods up to 500 h. Temperature in the muffle furnaces was
controlled within error range �5 K.

2.2. X-ray Diffraction

Room temperature X-ray powder diffraction patterns of the
quenched products were obtained using a 100 mm diameter Guinier
Hägg camera with Cr Ka1 radiation (� � 2.2897Å). The finely pow-
dered sample was mixed with a small amount pure Si which was used
as an internal standard. The Guinier Hägg films were scanned in
TPU/Pos mode using an Epson film scanner and the powder diffraction
profiles over 2� range 10 to 90° were extracted using the programs
Scion Image and Universal-Si-Calibration, a macro function based on

Fig. 1. X-ray diffraction profiles for (Fe0.77Ni0.19)S an
refinement of the phase portions gave pentlandite fraction
curves are the calculated pattern; the experimental data
calculated profiles is shown below. The goodness of fit (G
Igor Pro 4.0 (WaveMetrics Inc.). Weight fraction of exsolved pentland-
ite was determined by Rietveld refinement (Hunter, 1997). Since all the
atoms in the pentlandite structure and mss/pyrrhotite subcell occupy
special position and Fe and Ni are not readily distinguishable by X-ray
diffraction, only profile parameters, cell parameters, overall tempera-
ture factor and phase scale factors were refined. The proportions of
pentlandite and mss/pyrrhotite determined by Rietveld analyses of the
X-ray powder diffraction data were compared with the phase analyses
obtained on some of the same samples by powder neutron diffraction
(Wang et al., 2003) and found to be within one standard deviation.
Figure 1 shows the X-ray diffraction patterns for the samples annealed
for 500 h at 473 K and 573 K. Note that the pentlandite reflections are
more prominent at 473 K than at 573 K.

2.3. Chemical Analyses

Chemical analysis was carried out using a Cameca CAMEBAX
SX51 electron microprobe at Adelaide Microscopy, University of Ad-
elaide. The analyses were undertaken using an accelerating potential of
20 kV and a specimen current of �20 nA. The spot size was set at 1
�m but the effective resolution of the beam, due to beam spread in the

at 473 K (top) and 573 K (bottom) for 500 h. Rietveld
wt% and 27wt% for 473 and 573 K respectively. Solid
are �. The difference between the experimental and

r the two profiles are 0.305 (473 K) and 0.147 (573 K).
nealed
s of 33
sample, was of the order of 3 �m. A natural pentlandite was used as a
standard for wavelength dispersive analysis.
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3. RESULTS AND DISCUSSION

3.1. The Kinetic Model

The cell and phase data for the 5 sets of isothermal annealing
experiments are summarized in Table 1. Note that the cell
parameters for pentlandite did not change significantly over the

Table 1. Exsolution of pentlandite from mss (
specimens. Pentlandite in weight percentage; apen

pyrrhotite. Estimated standard deviations are given

Temp (K) Time (hr) wt% pent.

473 0.5 0(1)
0.75 0(1)
1 2(2)
2 4(1)
5 10(2)

26 27(2)
46 32(1)
64 33(1)

100 33(1)
500 33(1)

498 0.5 5(2)
1 10(2)
8.5 14(3)

12 18(2)
17 21(2)
22.5 25(2)
26 25(2)
30 27(2)
46 30(2)
64 29(1)
84 31(1)

100 31(1)
523 0.5 6(2)

1 17(2)
5 21(2)
8.5 20(2)

12 20(2)
17 22(2)
22.5 26(2)
26 26(2)
30 27(2)
46 29(1)
64 31(2)
84 30(1)

100 29(1)
548 0.5 5(2)

1 20(2)
8.5 22(2)

12 24(2)
17 26(1)
22.5 27(1)
26 28(1)
30 26(2)
46 27(2)
64 28(1)

100 28(1)
573 0.5 6(2)

1 20(2)
2 25(2)
5 26(2)

26 27(2)
46 27(1)
64 26(1)

100 27(1)
500 27(2)
course of the reaction indicating that its composition remains
more or less constant on the time scale of these experiments.
The c parameter of pyrrhotite, cpyrr, decreases over the exso-
lution, as mss/pyrrhotite becomes more Fe and vacancy rich.
Electron microprobe analysis for the sample annealed at 573 K
for 100 h gave the compositions (Fe4.53Ni4.45)S8 (S 32.67, Fe
32.30, Ni 33.31 wt%) and Fe0.84Ni0.11S (S 36.84, Fe 53.75, Ni

i0.19)S. Summary of results from anneal quench
and cpyrr are cell parameters of pentlandite and
ets.

apent/Å apyrr/Å cpyrr/Å

10.057(3) 3.4461(8) 5.737(3)
10.059(3) 3.4476(8) 5.736(3)
10.060(3) 3.4480(8) 5.733(3)
10.064(3) 3.4520(8) 5.730(3)
10.058(4) 3.4511(8) 5.722(2)
10.063(2) 3.4522(4) 5.725(4)
10.070(2) 3.4523(4) 5.720(3)
10.067(2) 3.4525(6) 5.719(2)
10.070(2) 3.4518(6) 5.721(2)
10.068(3) 3.4522(8) 5.720(4)
10.062(3) 3.4466(8) 5.725(2)
10.060(2) 3.4452(8) 5.726(1)
10.061(2) 3.4565(8) 5.722(2)
10.058(4) 3.4451(8) 5.722(2)
10.065(3) 3.5012(8) 5.721(2)
10.063(2) 3.5112(8) 5.719(2)
10.072(1) 3.4449(8) 5.718(2)
10.060(3) 3.4450(8) 5.717(3)
10.068(4) 3.4453(6) 5.716(2)
10.077(2) 3.4455(6) 5.715(2)
10.059(2) 3.4457(6) 5.713(1)
10.069(2) 3.4448(6) 5.713(1)
10.077(1) 3.4464(4) 5.725(3)
10.072(4) 3.4501(4) 5.723(1)
10.065(2) 3.4502(7) 5.722(2)
10.072(3) 3.4504(6) 5.722(2)
10.069(1) 3.4510(5) 5.721(2)
10.067(3) 3.4521(4) 5.719(3)
10.070(2) 3.4531(5) 5.718(2)
10.055(2) 3.4509(7) 5.717(4)
10.067(2) 3.4509(6) 5.715(2)
10.064(2) 3.4488(6) 5.713(2)
10.068(2) 3.4547(8) 5.711(2)
10.071(2) 3.4498(3) 5.707(2)
10.073(2) 3.4765(6) 5.710(2)
10.058(2) 3.4465(4) 5.718(4)
10.065(2) 3.4532(2) 5.714(2)
10.074(4) 3.4501(2) 5.713(2)
10.072(3) 3.4520(4) 5.713(2)
10.075(2) 3.4502(2) 5.711(2)
10.073(2) 3.4505(2) 5.711(2)
10.074(2) 3.4499(2) 5.710(2)
10.077(3) 3.4497(3) 5.708(2)
10.068(1) 3.4469(2) 5.707(2)
10.071(1) 3.4465(2) 5.708(1)
10.071(1) 3.4471(2) 5.708(2)
10.061(2) 3.4496(4) 5.719(4)
10.063(2) 3.4488(2) 5.717(2)
10.068(3) 3.4493(3) 5.717(2)
10.071(1) 3.4502(2) 5.716(2)
10.073(2) 3.4495(2) 5.712(3)
10.074(2) 3.4477(2) 5.708(2)
10.073(2) 3.4502(4) 5.708(2)
10.065(2) 3.4501(2) 5.707(1)
10.070(2) 3.4501(4) 5.707(3)
Fe0.77N
t, apyrr

in brack
7.65 wt%) for pentlandite and mss/pyrrhotite respectively. This
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sample had relatively coarse pentlandite lamella and this en-
abled accurate pentlandite analysis. The electron microprobe
analyses also showed that the mss/pyrrhotite in this sample was
homogeneous; there was no evidence of Fe-Ni compositional
gradients between pentlandite lamella. Since the cell parame-
ters of pentlandite do not vary significantly between the five
data sets, it can be taken that the pentlandite compositions are
the same for all 5 annealing temperatures. The mss/pyrrhotite
compositions will vary as the final amount of exsolved pent-
landite changes with annealing temperature.

Figure 2 shows the amount of pentlandite exsolution plotted
against time for 5 temperatures between 473 and 573 K. The
exsolution rate in this system is relatively rapid. At the highest
temperature, (573 K) the exsolution reaction reaches equilib-
rium within 5 h (18,000 s), after that period the pentlandite
weight fraction remained at around 27%, with little increase
even after prolonged annealing. At 473 K the reaction is less
rapid and the pentlandite fraction increases continuously to 33
wt% over 24 h.

It is reasonable to believe the same mechanism for exsolu-
tion applies over the temperature range, 473 to 573 K, as the
samples show very similar textures (Fig. 3).

The weight fraction of pentlandite in Table 1 is converted to
reaction extent, y, using the equation

y �
wt � w0

we � w0

	 100% �
wt

we

	 100%(w0 � 0) (5)

where w0, we, wt are the weight fractions of pentlandite ex-
solved at: the beginning of reaction (t � 0), at the end of
reaction (t � �) and at an arbitrary time, t, respectively (Yund
and Hall, 1970).

A crucial point in kinetic analysis of the data are the defini-
tion of w . In isothermal exsolutions, the compositions of the

Fig. 2. Graph showing the extent of pentlandite exsolution from mss/
pyrrhotite (in weight percent) for the five annealing temperatures used: 473
K (●), 498 K (Œ) 523 K (�), 548 K (�), 573 K (�). The data were
derived by Rietveld refinement of the powder X-ray diffraction profiles.
The lines of best fit were calculated by least-square refinement (exponen-
tial function in divided sections) using Igor Pro 4.0.
e

host phase mss/pyrrhotite will vary with temperature, compo-
sitional fields being more extensive with higher temperatures
and thus less exsolution will occur. Due to the lack of thermo-
dynamic data for pentlandite-pyrrhotite reactions across the
mss compositional field, the end of reaction we, cannot be
determined by Gibbs free energy calculations. It is possible to
determine we by assuming a constant composition of pentland-
ite and a fixed final composition for mss/pyrrhotite, which are
independent of temperature and then calculate the mole frac-
tions by mass balance. This approach was employed by
Etschmann et al. (2004), who calculated we to be 38.78 wt%
pentlandite for a pentlandite composition of (Fe4.5,Ni4.5)S8 and
a Ni-free mss/pyrrhotite. This mode of a fixed extent of reaction
independent of temperature is unrealistic, as at higher temper-
atures the reactions will never reach completion and this can
result in apparently negative activation energies.

The alternative is to define equilibrium for the process em-
pirically from the experiments and make no assumptions about
the compositions of the pentlandite and mss/pyrrhotite.

Fig. 3. Back Scattered Electron (BSE) images showing the pentlandite/
pyrrhotite exsolution textures for (Fe0.77Ni0.19)S annealed at (a) 573 K and
(b) 473 K for 100 h. Pentlandite lamella (light) in mss/pyrrhotite host
(dark). The similarity of the textures at both temperatures indicates that

similar exsolution mechanism applies over the temperature range 473 to
573 K.
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The classic Avrami model describes the exponential relation-
ship between y (reaction extent) and t (time), but this relation is,
theoretically, not valid for infinitively long reaction times
(Yund and Hall, 1970). For heterogeneous solid reactions, we

should be selected at the phase fractions when the portion of
pentlandite exsolution has leveled out. The phase fractions
from the annealing experiments at 473 and 573 K change very
little after 24 h. In these experiments we was defined as the
average amount of pentlandite exsolved during the three long-
est annealing periods at each temperature (Table 1). Converting
pentlandite weight fraction to reaction extent, y, vs. time, using
the above method gives the plots in Figure 4.

3.2. Kinetic Analysis Using the Refined Avrami Method

Many traditional kinetic models assume the overall activa-
tion energy of solid-state reaction does not vary during the
course of reaction. This assumption ignores the fact that acti-
vation energy depends on the structural environment around the
atoms, and that this may change significantly during the reac-
tion. Vyazovkin and Lesnikovich (1990) showed that revealing
the dependence of the activation energy (Ea) on reaction extent
(y), helps not only to understand the complexity of a reaction
process, but also identify its kinetics scheme. During the course
of exsolution, Ni and Fe atoms diffuse out of the mss/pyrrhotite
into pentlandite and the mss/pyrrhotite becomes progressively
more metal deficient and richer in Fe as the reaction proceeds.
The local chemical environment of Ni and Fe atoms in mss/
pyrrhotite changes in the second coordination sphere as the Ni
fraction falls from 0.20 to 0.11 during exsolution. More impor-
tantly, the concentration of metal vacancies in mss/pyrrhotite
increases from 3 to 5% of cation sites and thus, Ea for metal
diffusion would be expected to decrease. This should lead to a

Fig. 4. Plot of reaction extent of pentlandite exsolution (y) against
time (t) for annealing experiments at 473 and 573 K. The curves are
derived from the data in Table 1 and Figure 2. The pentlandite weight
fractions are converted to reaction extent using Eqn. 5. Data measured
at 473 and 573 K are represented by symbols � and � with error bar.
decrease in the overall activation energy as y increases.
On the premise that Ea is a function of reaction extent, y, we
can adjust the Arrhenius equation as follows:

k(T, y) � Aexp ��
Ea(y)

RT � (6)

Assuming the plot against t in Figure 5 conforms to the classic
Avrami equation, we can rewrite the Avrami Eqn. 1 as

ln ln (1 ⁄ (1 � y)) � nln k 
 nln t (7)

If Eqn. 7 applies, then a plot of lnln[1/(1 � yr)] vs. lnt should
be linear. Clearly, from the plot in Figure 5, it is not, even when
experimental uncertainties are considered. Also, the reaction
curves in Figure 2 do not comply with the classic Avrami
model. The experimental curves show simply decelerating re-
action rates during the reactions while the classic Avrami
model (Eqn. 1) has a sigmoidal form (n 	 1). Reaction curves
described by the classic Avrami Eqn. 1 undergo a distinct
induction period with a low reaction rate at the beginning, then
accelerate to a maximum, and finally approach zero as the
reaction reaches completion.

Therefore, we need to consider a modification of the classic
Avrami method.

The basic kinetic equation is

dy

dt
� k(T, y) · f(y) (8)

T is temperature; k(T,y), rate constant; f(y), a kinetic model.
Rewriting Eqn. 8 and substituting Eqn. 6 for k(T,y) gives,

ln
dy

dt
� ln A 
 ln f(y) �

Ea(y)

RT
(9)

For a given reaction extent y � y0, ln f(y) and Ea(y0) are
constant. Therefore,

Fig. 5. The plot of lnln[1/(1 � y)] against lnt for the pentlandite
exsolution at 473 and 573 K. Reaction extent (y), time (t). It appears

that the variation of lnln[1/(1 � y)] with lnt does not follow a linear
relation as the classic Avrami method requires.
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Ea(y0) � �R

ln
dy

dt
(y0, T1) � ln

dy

dt
(y0, T2)

� 1

T1

�
1

T2
� (10)

where dy/dt(y0, T1) and dy/dt(yo, T2) are reaction rates to a
given value of y0 at two different temperatures (473 and 573 K
respectively). Assuming that the reaction mechanism does not
change significantly over the temperature range, the plots in
Figure 4 functionally relate the reaction extent y and the an-
nealing time, t, at 473 K and 573 K. The time to a given
reaction extent y0 can therefore be extrapolated from these
plots.

Applying Eqn. 10 to calculate activation energy relies on the
determination of dy/dt. With careful inspection of the exsolu-
tion graph in Figure 4 we find that ỹy(t) can be divided into a
series of regions. This is achieved by dividing the raw data into
small time segments, such that the y � y(t) curve can be
approximated as a straight line and the slope of each segment

Fig. 6. The curves describing the exsolution of pentlan
where the slope is approximately constant. Regions A4�A
relative sharpness of these parts of the curves. (a) exsolu
exsolution lines at 573 K. (d) Enlargement of region
(exponential function in divided sections) using Igor Pro
is the reaction rate dy/dt. Each region has a nearly constant
slope (dy/dt) and this is shown in Figure 6. The calculated
reaction rates are plotted against y for the reactions at 473 K
and 573 K and are shown in Figure 7. The reaction rates vary
from 1.6 � 10�5 to 5.0 � 10�7 s�1 at 473 K and 9.4 � 10�5

to 4.1 � 10�7 s�1 at 573 K. These reaction rates are slower
than those reported by Etschmann et at. (2004) for pentlandite
exsolution with M:S of 1:1. The activation energies, deter-
mined using Eqn. 10 are summarized in Table 2 and the
dependence on y are plotted in Figure 8.

At the beginning of reaction, Ea is around 49.4 kJ.mol�1, but
decreases gradually to around 20.7 kJ.mol�1 as y approaches 1.

This situation is different from that found by Etschmann et
al. (2004) where the bulk composition of their mss/pyrrhotite
was (Fe0.8Ni0.2)S, equal amounts of metal and sulfur and thus
very few metal vacancies. Heating this material creates S
vacancies, and thus local sites of metal enrichment for nucle-
ation of pentlandite, a metal rich mineral. This more metal rich
system, Fe0.8Ni0.2S shows a variation of Ea from 2.0 to
21.0 kJ.mol�1 (Fig. 9). The low value of Ea (2.0 kJ.mol�1) at

73 and 573 K (Fig. 4) are subdivided into small regions
3 K and A1-A8 at 573 K are finely subdivided due to the

es at 473 K. (b) enlargement of region A4-A11 in (a). (c)
in (c). The curves are derived by least-square method
fit exsolution data at 473 and 573 K in Table 1.
dite at 4
11 at 47

tion lin
the beginning of reaction is consistent with a much lower
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nucleation energy barrier and consistent with a nucleation
model based on S vacancies forming local sites of metal en-
richment. The activation energy gradually approaches to an
asymptotic value 21.0 kJ.mol�1 at the end of reaction. This
value is comparable with the value of Ea (20.7 kJ.mol�1) in our
current study as the reaction approaches completion. In the
metal poor composition investigated here, heating of the sam-
ple also will create S vacancies, but these are compensated by
the existing metal vacancies and the local areas of metal en-
richment that trigger pentlandite nucleation are much more
difficult to form.

For (Fe0.77Ni0.19)S, it appears that Ea is relatively constant at
the beginning of exsolution as nucleation of pentlandite is the

Fig. 7. Plot of reaction rate against reaction extent (y) at 473 and 573
K. Reaction rate (dy/dt) is calculated from the slope of ỹt at each time
region A1�A14 in Figure 6. The solid curves are produced by least-
square method (Hill function) using Igor Pro 4.0 to fit the calculated
dy/dt values in time segments A1�A14.
decisive step. Once y 
 0.5 it is reasonable to assume that
lamellae coarsening is dominant. As the reaction proceeds, the
concentration of metal vacancies in mss/pyrrhotite increases
and the diffusion path for the metal ions becomes easier. The
observation that the reaction rate (dy/dt) slows towards the end
of reaction does not conflict with the conclusion of decreasing
Ea. The decreasing reaction rate as the reaction approaches
equilibrium or at metastable equilibrium is linked to the ex-
tended compositional field of mss at these annealing tempera-
tures. Both our experiments and those of Etschmann et al.
(2004) converge to common residual mss compositions and a
common value of Ea. The decreasing reaction rate does not
appear to be due to increasing path length for Ni and Fe
diffusion in mss/pyrrhotite. Under such circumstances, it would
be reasonable to expect Ni or Fe composition gradients in

Table 2. Annealing time and overall activation energy at various
fractions of the reaction at T1 � 473 and T2, 573 K.

y0/% t(y0, T1)/s t(y0, T2)/s Ea (y0)/kJ · mol�1

0 0 0 —
0.10 6588 980 48.86
0.15 13482 1471 49.12
0.20 15333 1960 49.32
0.25 19321 2451 49.47
0.30 23130 2941 49.61
0.35 30120 3436 49.35
0.40 35010 3827 48.34
0.45 43221 4101 48.44
0.50 48569 4832 46.48
0.55 56370 5392 44.33
0.60 63124 5882 41.95
0.65 69547 6842 37.74
0.70 78828 8102 32.81
0.75 84466 9580 28.43
0.80 90123 12890 23.67
0.85 100123 19522 21.54
0.90 119985 31000 21.03
0.95 146912 69124 20.66

Fig. 8. Graph showing the dependence of Ea (activation energy) on
y for the pentlandite exsolution from mss/pyrrhotite (initial bulk com-
position (Fe0.77Ni0.19)S). The calculated values of activation energy
using the refined Avrami method are represented by symbol Œ. The

solid curves are produced by least-square method (sigmoid function)
using Igor Pro 4.0 to fit the calculated value of Ea.
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mss/pyrrhotite samples annealed for long periods. A series of
line scans during electron microprobe analyses failed to find
any evidence of such gradients, the composition of mss/pyr-
rhotite was homogenous.

The dependence of Ea on y can be used to predict kinetic
behavior at any arbitrary intermediate temperature assuming
the reaction mechanism has not changed.

We denote this method, the refined Avrami method, and it
employs the concept that Ea changes with reaction extent y. The
original Avrami Eqn. 1 can be rewritten as,

t(y0, T) � exp �Ea(y0)

R �1

T
�

1

T1
�
 ln t(y0, T1)� (11)

Fig. 9. Graph showing dependence of Ea (activation energy) on y for
the pentlandite exsolution from mss/pyrrhotite (initial bulk composition
(Fe0.8Ni0.2)S). Raw data are from Etschmann et al. (2004). The calcu-
lated values of activation energy using the refined Avrami method are
represented by symbol Œ. The solid curves are produced by least-
square method (sigmoid function) using Igor Pro 4.0 to fit the calcu-
lated value of Ea.

Table 3. Predicted kinetic data for the exsolution o
523, and 548 K.

y0/% Ea(y0)/kJ · mol�1 t(y0, 4

0 —
0.10 48.86 35
0.15 49.12 72
0.20 49.32 81
0.25 49.47 10
0.30 49.61 12
0.35 49.35 16
0.40 48.34 18
0.45 48.44 23
0.50 46.48 26
0.55 44.33 32
0.60 41.95 36
0.65 37.74 42
0.70 32.81 51
0.75 28.43 58
0.80 23.67 66
0.85 21.54 76
0.90 21.03 91

0.95 20.66 112873
If, T1 � 473 K then

t(y0, T) � exp �Ea(y0)

R �1

T
� 0.002113�
 ln t(y0, 473 K)�

(12)

Calculated from Eqn. 12 with data Ea � Ea(y) in Table 2, the
predicted variation of y with t at T � 498, 523 and 548 K are
given in Table 3.

The difference between the kinetic behavior predicted using
the classic Avrami method and the refined Avrami method is
shown in Figure 10, where the predicted curves of both meth-
ods are compared with experimental data obtained at 523 K.
Clearly, the refined Avrami method produces a better fit to the

ndite fro m mss (Fe0.77Ni0.19)S at temperatures 498,

t(y0, 523 K)/s t(y0, 548 K)/s

0 0
2010 1204
4087 2442
4626 2758
5808 3457
6929 4119
9081 5412

10817 6516
13322 8016
15700 9644
19199 12062
22780 14673
27801 18715
35521 25181
42335 31422
50708 39563
59327 47332
71982 57737

Fig. 10. Predicted kinetic curves for the exsolution of pentlandite
from mss/pyrrhotite at 523 K. Continuous line is the prediction using
the refined Avrami method and the dash line is the prediction using the
classic Avrami method, and triangles are experimental data.
f pentla

98 K)/s

0
32
04
72
278
283
048
895
297
843
021
963
971
867
771
633
066
751
88933 71610
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isothermal data than the classic Avrami method. Isothermal
data were also collected at two other temperatures, 498 and
548 K, and these are illustrated in Figure 11. Again the corre-
spondence between experimental data and prediction is excel-
lent using the refined Avrami method.

Overall, the exsolution process is a multi-step reaction de-
pendent on many other factors in addition to nucleation and
metal diffusion. These experiments, however, do illustrate that
the widely used assumption of constant activation energy dur-
ing reaction is very approximate. It is worth emphasizing that
most mineral reactions are heterogenous, involving the nucle-
ation and growth of new phases, separated by new surfaces or
interfaces. Such reactions involve at least two or often more
consecutive steps, each with its own activation energy. In
sequential reactions the overall reaction rate is determined by
the slowest step and hence an experimentally determined acti-
vation energy or rate constant would most probably refer to this
‘rate-determining’ step (Yund and McCallister, 1970). In the
pentlandite-pyrrhotite system, the nucleation and ion diffusion
are more than just sequential steps. At the beginning of reac-
tion, pentlandite nucleation is followed by crystal growth
(driven by Fe/Ni diffusion) and as the reaction proceeds nucle-
ation becomes less important and crystal growth will dominate.
In most cases, the overall activation energy is some interme-
diate value if more than one step is compatible with the slowest
step. Therefore, the contributions of each step to the reaction
mechanism are nearly impossible to determine. To gain an
understanding of these solid-state reactions it is important to
extract the activation energy independent of any reaction
model.

Apart from isothermal methods, nonisothermal experiments
are also widely used to study reaction kinetics. Vyazovkin
(1997) shows how isoconversional methods can be used to
predict the kinetic behavior of a reaction outside of the range of

Fig. 11. Plot showing the predicted kinetics exsolution of pentlandite
from mss/pyrrhotite exsolution at 498 and 548 K using the refined
Avrami method together with the experimental values. The solid lines
are the theoretical predictions using the refined Avrami method.
Squares and diamonds are experimental results at 498 and 548 K,
respectively.
experimental temperatures. Model free methods can be adopted
to avoid any arbitrary decision in choosing an over simplified
model.

3.3. The Effects of S Fugacity on the Kinetics
of Exsolution

The experimental results for the exsolution of pentlandite
from a mss/pyrrhotite, of composition (Fe0.77Ni0.19)S, show
reaction rates vary from 1.6 � 10�5 to 5.0 � 10�7 s�1 at 473
K and from 9.4 � 10�5 to 4.1 � 10�7 s�1 at 573 K. These rate
constants can be compared with those of Etschmann et al.
(2004) who found rates of 8 � 10�6 s�1 for exsolution from a
mss of a more metal rich composition (Fe0.8Ni0.2)S. Etschmann
et al. (2004) also recalculated the data from a set of isothermal
experiments at 673 K on mss compositions (Fe0.89Ni0.11)1�xS
reported by Kelly and Vaughan (1983). They examined 4
different M:S ratios, with x in the range 0.0 � x � 0.05 and the
rate constants calculated from their data vary from 3 � 10�5 to
1 � 10�6 s�1 between 0.0 � x � 0.035, with the slowest rate
for the most S rich composition, x � 0.035. For x � 0.05 no
exsolution was observed on the time scale of their annealing
runs (1000 h). Our results, taken with those of Etschmann et al.
(2004) and Kelly and Vaughan (1983), show that an increase in
S fugacity (fs) decreases the rate of exsolution. Etschmann et al.
(2004) concluded that the decrease in rate with increasing fs is
associated with a change in the nucleation mechanism. For
mss/pyrrhotite with M:S ratios near to 1:1, heating to 573 K
creates S vacancies in the mss (Fe,Ni)S1-x, even in a closed
evacuated system. This triggers nucleation of pentlandite, a
metal rich mineral and facilitates nucleation. Examination of
the exsolution textures confirms different nucleation mecha-
nisms for different sulfur to metal ratios (see Durazzo and
Taylor, 1982; Etschmann et al., 2004). On the other hand,
increasing S content results in a greater concentration of cation
vacancies that will facilitate metal diffusion. Etschmann et al.
(2004), using the classic Avrami method, calculated an approx-
imate Ea for the exsolution of 5.0 kJ.mol�1. However using the
refined Avrami method, Ea varies from 2.0 to 21.0 kJ.mol�1.
The increase in Ea with y is related to the nucleation dominant
stage at the beginning of reaction, and crystal growth controlled
stage at the end. The in situ cooling and high temperature
annealing experiments of Etschmann et al. (2004) showed that,
after the initial exsolution, some of the pentlandite is resorbed
indicating a high degree of supersaturation in the solid solution
with M:S ratio of 1:1. The differences in Ea for pentlandite
exsolution from (Fe0.8Ni0.2)S and (Fe0.77Ni0.19)S reflect the
change of nucleation mechanism, from S vacancies to grain
boundaries and S vacancies with the richer S compositions.

Overall our data and the work by Etschmann et al. (2004),
and Yund and Hall (1970) indicate that low exsolution activa-
tion energies prevail in the pyrrhotite/pentlandite/pyrite system,
although further experimental data are required to draw such
general conclusions.

4. CONCLUSION

The pentlandite-mss/pyrrhotite exsolution reaction has mul-
tiple steps: nucleation, new phase growth and atomic diffusion,
lamellae coarsening. These make its kinetic analysis difficult,

as the mechanisms cannot be elucidated in detail. In mineral
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reactions of this type the true functional form of the reaction
model is almost never known, and the Arrhenius parameters
determined by the classic Avrami method are skewed to com-
pensate for errors in the model. The refined Avrami method
employs the important concept that activation energy depends
on reaction extent y. Kinetic study of pentlandite exsolution
from mss/pyrrhotite was performed for the low temperature
range from 473 to 573 K. For mss/pyrrhotite with bulk com-
position (Fe0.77Ni0.19)S, activation energy of pentlandite exso-
lution, Ea varies from 49.6 kJ.mol�1 at the beginning of reac-
tion (nucleation is dominant) to 20.7 kJ.mol�1 at the end
(crystal growth is dominant).

In general, the activation energy varies during the course of
solid reaction with the extent of reaction. The surrounding
environment of reactant atoms affects the atom’s activity and
more or less account for changes of activation energy Ea. We
are currently applying this refined Avrami method to further
study of the pentlandite-mss/pyrrhotite and pyrite-pyrrhotite
systems, where constancy of Ea fails to reveal details of the
exsolution kinetics.
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