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An investigation of the phase transitions in bornite (Cu5FeS4) using neutron diffraction
and differential scanning calorimetry
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ABSTRACT

Bornite (Cu5FeS4) exists in three polymorphic forms related by superstructuring, with
structural transitions at 200 and 265 8C. The phase transitions and structural behavior in
two natural bornite samples were investigated as a function of temperature using differ-
ential scanning calorimetry (DSC) to characterize the thermal anomalies associated with
each transition and in-situ high-resolution neutron powder diffraction to determine the
variation in superlattice intensity and lattice parameters. These two methods, carried out
over the temperature range 50–350 8C, provided insight into the short- and long-range
interactions, respectively, and a comparison of measurements taken up-T and down-T en-
abled thermal hysteresis effects to be quantified. The high to intermediate transition at 265
8C involves long-range cation ordering and vacancy clustering, resulting in a doubling of
the high-temperature cubic unit cell (m3m). The square of both the spontaneous strain and
the 2a superlattice intensity varied linearly with temperature, indicating that the transition
is tricritical in character. Loss of long- and short-range order occurred simultaneously
during heating, whereas during cooling, the reappearance of 2a superlattice reflections was
depressed some 50 8C below the short-range transition recorded by DSC due to the for-
mation of antiphase domains. The presence of antiphase domains also caused the discon-
tinuity in the strain associated with the transition to occur at a different temperature to the
appearance of superlattice intensity. The intermediate-low transition associated with the
development of a 2a4a2a orthorhombic superlattice (Pbca) is strongly first-order and ex-
hibits a large intrinsic hysteresis (38 8C). The down-T transition temperature of the inter-
mediate-low transition is shown to be dependent on the degree of order attained in the
intermediate phase.

INTRODUCTION

Bornite, Cu5FeS4, is an important copper ore mineral
of widespread occurrence in various geological settings.
Polymorphism and the associated structural phase tran-
sitions in this mineral have been the subject of numerous
crystallographic studies since Frueh (1950) noted a tem-
perature-dependent transition. Bornite has three temper-
ature-dependent polymorphs, termed high, intermediate,
and low. The intermediate and low forms can be de-
scribed as superstructures of the high-temperature cubic
form (a 5 5.5 Å), the various superstructures arising from
an increase in the ordering of vacancies and metal atoms
with reducing temperature (Koto and Morimoto 1975;
Putnis and Grace 1976; Pierce and Buseck 1978).

The high-temperature polymorph, stable above approx-
imately 270 8C, consists of a random distribution of six
metal cations and two vacancies in the eight tetrahedral
interstices of a cubic close-packed sulfur framework
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(Morimoto and Kullerud 1961, 1966; Kanazawa et al.
1978). This phase, which has the antifluorite-type struc-
ture (space group Fm3m ), inverts to the intermediate
form on rapid quenching (Morimoto 1964).

The intermediate polymorph exists over the tempera-
ture range 200–270 8C (Kanazawa et al. 1978; Grguric
et al. 1996a and 1996b), with some variation induced by
minor deviations from stoichiometry (Grguric and Putnis
1998). This cubic (Fm3m) structure constrains two alter-
nating a sub-cells along the three crystallographic axes,
resulting in a 2a superstructure. Kanazawa et al. (1978)
denoted the two sub-cells M1 and M2 cubes, which differ
from the high phase in their distribution of metal atoms
and vacancies. M1 cubes have a disordered arrangement
of four copper atoms and four metal vacancies, but M2
cubes have all eight tetrahedral sites filled with a random
distribution of copper and iron atoms. Thus, the transition
from the high to intermediate form involves a long-range
vacancy clustering and cation ordering process, while re-
taining the close-packed sulfur framework of the high
form. Kanazawa et al. (1978) demonstrated that metal
atoms in the intermediate structure are not in regular tet-


