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INTRODUCTION

The two well-studied forms of Ni(II) sulÞ de are the high-
temperature hexagonal phase, α-NiS, and the low-temperature 
trigonal form β-NiS (millerite). Millerite is a common nickel 
mineral often associated with other important nickel-iron or 
copper-iron ores (Power 1981; Hubli et al. 1995). It has a high 
metallic conductivity and is thought to have a diamagnetic 
structure (Krishnakumar et al. 2002). 

The high-temperature phase, α-NiS, has the NiAs-type 
hexagonal structure and persists metastably under ambient 
conditions, but has not been found in nature. There have been 
numerous studies of metastable α-NiS at low temperatures due 
to its distinctive metal →  semiconductor transition (MS transi-
tion) at 265 K (Sparks and Komoto 1963; Nakamura et al. 1994; 
Okamura et al. 1999). α-NiS has also been of considerable inter-
est because it can be considered as a Ni analogue of pyrrhotite, 
Fe1�xS, and above 883 K there is complete solid solution between 
Fe and Ni end-members, the so-called monosulÞ de solid solution 
(Vaughan and Craig 1978). This high temperature α-form shows 
a considerable stoichiometric range that varies with temperature, 
but the maximum x value in α-Ni1�xS has not been precisely 
determined (Grønvold and Stølen 1999; Stølen et al. 1994; Rau 
1975; Kullerud and Yund 1962). The variation from the ideal 
stoichiometry of the β form, on the other hand, is reported to be 
negligible (Mcwhan et al. 1972; Chen et al. 2002; Mulak et al. 
2002; Sowa et al. 2003, 2004).

Kullerud and Yund (1962) reported that β-NiS (millerite) 
transformed to the high-temperature form at 652 K at ambient 
pressure. Sowa et al. (2004) reported strong pressure dependence 
of the α to β transition temperature, with drastic decrease in Tβ→

α, upon increase in pressure. At ambient pressure, the volume 
increase associated with the transition is 2.8% and this volume 
increase can lead to spontaneous fracture of toughened glass 
panes that contain tiny inclusions of NiS (<10 μm diameter) 
(Ballantyne 1961; Barry and Ford 2001). 

The α → β transition involves considerable structural reor-
ganization and the Ni coordination changes from sixfold (high- 
temperature form) to Þ vefold (low-temperature form) (Fig. 1). 
As the compositional range of the α-phase is wider than that of 
the low-temperature phase, the equilibrium compositions of the 
α- and β-phases depends on the direction of the transition. For 
the β → α transition, all of the β-phase transforms to the α-phase 
with no variations in composition. For the down-temperature 
transition of nickel-deÞ cient α-Ni1�xS to β-NiS, the transition 
is associated with the exsolution of a more nickel-deÞ cient 
α-Ni1�xS. Kullerud and Yund (1962) reported that the α → β 
inversion for α-Ni1�xS becomes more sluggish with increasing 
Ni-deÞ ciency compared to equimolar composition NiS. Merker 
(1974) investigated the α → β inversion in NiS inclusions in glass 
and found that equimolar α-NiS transforms to the β phase in 13 
min at 523 K, whereas for Ni-deÞ cient α-Ni0.93S the transition is 
two orders of magnitude slower. Merker (1974) suggested that 
inclusions with close to stoichiometric NiS composition would be 
the most dangerous in toughened glass and that off-stoichiometric 
inclusions may take so long to transform that they would never 
cause glass failure. The present study attempts to reconcile the 
ambiguities regarding the effect of stoichiometry on the transition 
kinetics of the α → β transition at ambient pressure.

THE KINETIC MODELS 
A standard approach for the analysis of kinetic data for a solid 

state reaction is to plot the extent of transition (y) as a function 
of annealing time (t). The extent of reaction, y, is deÞ ned by the * E-mail: haipeng.wang@adelaide.edu.au
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ABSTRACT

The kinetic behavior of the α-Ni1�xS → β-NiS transition was investigated via a series of anneal-
quench experiments using Rietveld quantitative phase analysis of powder X-ray diffraction data. Initial 
compositions of α-Ni1�xS were found to play an important role in the kinetics of the transition. The 
activation energy (Ea) for this α- to β-phase transition is 16.0 (±0.5) kJ/mol for NiS in the temperature 
range 343 to 423 K, and 13.0 (±0.5) kJ/mol in the temperature range 523 to 623 K. For Ni0.97S, however, 
Ea decreases from 73.0 (±0.5) to 17.0 (±0.5) kJ/mol over the course of the reaction in the temperature 
range 573 to 593 K. The relationship between Ea and extent of transition (y) for the initial bulk Ni0.97S 
was derived using the ReÞ ned Avrami method. For Ni-deÞ cient compositions, α-Ni1�xS, the transfor-
mation to β-NiS is accompanied by the exsolution of  a progressively more Ni-deÞ cient α-Ni1�xS and 
Ni3S4, and the reactions become more sluggish for more metal-deÞ cient compositions.
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