
Introduction

The kinetic analysis of the α to β phase recrystallisation
of nickel sulphide (NiS) has recently been the topic of a
number of papers [1–3]. The application of the kinetic
models has yielded a number of values for the activation
parameters using the Arrhenius temperature depend-
ence. Even though recrystallisation may appear to be a
fairly simple transformation process (for example, in
recrystallisation, nucleation is likely to have already oc-
curred and is, therefore, not likely to be a significant in-
fluence), the application of mechanistic kinetic models
has yielded a variety of mechanisms which fit the data
with equal alacrity [1–3]. The inference of a particular
mechanistic process is, therefore, fraught with error
even for such an apparently simple transformation.

The inference of mechanistic significance of rate
equations using the Arrhenius temperature dependence
has also been a topic of concern in the literature in re-
cent years especially when applied to non-isothermal
data [4–6]. Typical concerns are; the validity of apply-
ing the Arrhenius temperature dependence for the acti-
vated state; that the transformation process is commonly
assumed to be a single step process which can be fit by a
single step rate equation and; that, as multi-parameter
models are force fitted to data (with extremely low re-
sidual error) a number of solutions, and hence a range of
values for the kinetic parameters, are possible. In order
to understand why the kinetic modelling of solid state

processes, in particular, the recrystallisation of NiS, can
produce a range of values for the kinetic parameters, a
further analysis of the recrystallisation has been carried
out in this paper.

The model adopted in this paper is that proposed
by Ozawa for the analysis of the solid-state transfor-
mation under non-isothermal conditions [7]:
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where α is the degree of conversion, Z is an amalgam-
ation of constants, β is the heating rate, n is the number
of growth dimensions and f(T) is the temperature de-
pendence of the rate constant. The conversion is con-
sidered to be dependent solely on the growth process
and is not a function of coincident random nucleation.
The model is similar to the Johnson–Mehl–Avrami
model with the condition that pre-existing nuclei are
already present for crystal growth.

If it is assumed that the function of α and f(T) are
independent of each other, then the parameters of
Eq. (1) may be separated through a logarithmic trans-
formation:
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Given that the mechanism for transformation at a
particular temperature is independent of heating rate,
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and, therefore, the temperature integral can be consid-
ered to be constant for a set of heating rate curves at a
specific temperature, a plot of ln[–ln(1–α)] as a func-
tion of lnβ will yield the value of n as the slope. The
form of the temperature integral, therefore, does not
need to be specified for the assessment of the value of
n. Measurement of the magnitude of n at several tem-
peratures throughout the recrystallisation step will aid
the determination of the number of processes that are
occurring during recrystallisation and, therefore, iden-
tify the validity of the application of a single step ki-
netic equation to the recrystallisation process. This ap-
plication of a kinetic equation is similar to isoconver-
sional methods in the sense that it uses the degree of
conversion as the variable for a series of heating rate
curves for fixed temperatures. It is, in effect, a pseudo-
isothermal method of fitting the kinetic equation.

Experimental

The material used was high purity nickel(II) sulphide
powder (99.95%, 100 µm particle size) supplied by
Johnson Matthey GmbH. The ‘as received’ material
was observed to be slightly in excess in sulphur. An-
nealing this material at 450°C for three hours re-
moved the excess sulphur. Once annealed, slow cool-
ing produced β-NiS as determined by X-ray analysis
using a Siemens D5000 diffractometer with CuKα ra-
diation. Additionally, although sample mass de-
creased on the initial removal of the excess sulphur,
no further mass loss, and, therefore, further removal
of sulphur, was observed as the DSC experiments
were carried out. Due to the presence of excess sul-
phur in the ‘as received’ material, all the specimens of
the NiS characterised were annealed at 450°C for 3 h
prior to DSC characterisation.

The DSC measurements were made using a TA In-
struments 2930 (TAI) and a PerkinElmer DSC-7 (PE)
calorimeter. For each series of variable heating rate ex-
periments, a sample of NiS (approximately 15 mg) was
enclosed in an aluminium pan and placed in the sample
compartment of the calorimeter using an empty pan as
the reference. The sample compartment was purged
continuously with nitrogen using a flow rate of
150 cm3 min–1 for the TAI and 50 cm3 min–1 for the PE
experiments. Samples of α-NiS, at ambient tempera-
tures, were prepared by heating the β-NiS to 450°C. The
samples were held at 450°C for 10 min before quench-
ing to 100°C. For the TAI experiments, the quenching
process was carried out using compressed air to rapidly
cool the DSC furnace. The cooling rates were observed
to be variable, but in excess of 80 K min–1 between 450
and 250°C. Samples of α-NiS prepared in this manner
have been shown to be in the α form from their X-ray
diffraction patterns [1]. For the PE experiments, α-NiS

was prepared by cooling between 95 and 100 K min–1.
The cooling program was maintained down to 200°C
before a noticeable drop off in the rate occurred. The
non-isothermal recrystallisation measurements were
carried out on the samples of α-NiS at the following
heating rates: 5, 7.5, 10, 15 and 20 K min–1.

Results and discussion

The recrystallisation of β-NiS from α-NiS occurs as
an exotherm and is shown in Fig. 1 for the TAI DSC
data. A similar set of curves for the PE instrument is
also observed [8]. From these data the degree of con-
version can be measured and can be plotted in accor-
dance with Eq. (2) as a function of the heating rate.
These data are shown in Figs 2 and 3 for the TAI and
PE instruments, respectively. From the slope of each
curve, the value of n, which, in the Ozawa model, cor-
responds to the number of crystal growth dimensions,
can be determined. Figure 4 is a plot of n as a function
of the temperature. The temperature range in which n
can be measured, by the proposed pseudo-isothermal
method, is limited by the degree of conversion for
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Fig. 1 Heat flow curves for the conversion of α-NiS to β-NiS for
5, 7.5, 10, 15 and 20 K min–1 measured on a TA Instru-
ments 2930 MDSC

Fig. 2 Plot of ln[–ln(1–α)] as a function of lnβ for the conver-
sion of α-NiS to β-NiS measured on a TA Instruments
2930 MDSC



the 5 heating rates used. A minimum conversion
of 0.2, and a maximum of 99.8%, was used. These ex-
tremes test the limit of experimental certainty as the
onset and end point of the transformation are deter-
mined qualitatively. The heating rates used in this
study were based on the fact that at low heating rate
(less than 5 K min–1 in the PE instrument) a broad
endotherm is observed and has been attributed to a
second metastable (α′) state [8].

Equation (2) holds well for the TAI data where
linearity is observed even at the extremes of the tem-
perature range (Fig. 2). Some scatter is observed in
the PE data, particularly for the low temperature re-
gime, but correspondence with Eq. (2) improves at
higher temperatures (Fig. 3). In both cases a transition
is observed in the value of n as the ‘average’ degree of
conversion, or the temperature at which n is deter-
mined, increases. The value of n is approximately 2.4
for the TAI data and 3.3 for the PE data for the lowest
temperature of measurement and decreases to 1.2
and 0.9, respectively, as the temperature is increased
indicating a change in the mechanism of crystallisa-
tion as the average degree of conversion, or the tem-
perature at which n is measured, increases. It should

be noted that, although a similar trend in the values of
n is observed for both instruments, differences in the
magnitudes are observed. This may be due to an ‘av-
eraging affect’ associated with the significantly high-
er thermal resistance of the TAI instrument. The ther-
mal resistance may be measured from the onset slope
of a melting transition. The onset slopes have been
previously measured at 39.9 and 7.4 mW °C–1 for the
TAI and PE instruments, respectively, for the melting
of indium at a heating rate of 10 K min–1 [8].

The shift in the value of n from approximately 3
to 1 indicates a change in the mechanism of crystallisa-
tion as conversion proceeds. For the crystallisation pro-
cess, two (or more) mechanisms may be expected due to
the availability of material for conversion to the new
phase. Initially, crystallisation can be expected to be
multidimensional as crystal growth is unimpeded by
other crystallites. At some point crystallites impinge on
each other. Multi-dimensional growth, therefore, be-
comes more limited. An alternative mode of crystallisa-
tion, therefore, results. The data in Fig. 4 suggest that
initially the recrystallisation process occurs through a
three dimensional growth process. As the average de-
gree of conversion, or the temperature at which n is
measured, increases, further growth is apparently re-
stricted to one dimension.

The data in Fig. 4 suggest that at least 2 growth
processes are occurring. The assignment of a three to
one dimensional growth transition is, however, tentative
as this assignment is based on the assumption that the
mechanism for recrystallisation is the same for each de-
gree of conversion measured from each heating rate
curve at each, fixed, temperature. The fact that there is a
significant shift in the value of n as the temperature in-
creases does, however, suggest that a change in the
mechanism of the recrystallisation is occurring. For the
application of a kinetic model to the determination of
the mechanism, a multi-mechanism model for the rate
equation is required. Increasing the number of mecha-
nistic terms in the rate equation, however, increases the
number of fitting parameters and is, therefore, likely to
reduce the physical significance of the mechanistic
model applied. The fitting of a single step kinetic model,
however good the fit, can have no physical or mechanis-
tic significance for this apparently simple transforma-
tion of recrystallisation from α- to β-NiS. The use of a
single step kinetic model is, therefore, an approximation
of the true (and more complex) mechanism of transfor-
mation. The fact that the mechanism changes during the
conversion process explains the number of different
mechanisms and values of the kinetic parameters re-
ported in [1–3]. It should be stressed that, even though
no physical significance can be derived from the ap-
proximations used to model the kinetics of recrystal-
lisation, the application of these approximations to the
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Fig. 3 Plot of ln[–ln(1–α)] as a function of lnβ for the conver-
sion of α- to β-NiS measured on a PerkinElmer DSC-7

Fig. 4 Values of n determined from the slopes of the curves of
Figs 2 and 3 plotted as a function of temperature



prediction of the rate of recrystallisation extrapolated to
low temperature, or at elevated temperature, is not inval-
idated as has been demonstrated by the good correlation
between prediction and experience reported in [1–3].

Conclusions

The use of the single step approximation in the model-
ling of the kinetics of recrystallisation of β- from α-NiS
using nonisothermal methods has been demonstrated to
be an approximation of the rate of multiple, but unspeci-
fied, mechanistic processes that are occurring during the
transformation. Mechanistic inference should, therefore,
be avoided. The use of this approximation is, however,
important in the prediction of the rate of transformation
extrapolated to temperatures outside the region of study,

especially as accelerated testing allows the rapid charac-
terisation of the kinetics of the transformation.
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