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Abstract
This study provides new insights into the relation between thermally induced structural reorganization and the macroscopic mechanical properties of radiation-damaged titanite. The natural sample
contains ca. 30% amorphous fraction. Low-temperature annealing affects only slightly the sample
stiffness and leads to a softening resulting from the defect annihilation in crystalline regions. In the
high-temperature annealing regime, amorphous domains recrystallize and this leads to further recovery
of defects, reduction of interfaces, grain growth, and, in general, an increase in the long-range order.
The thermally induced recrystallization is accompanied by massive dehydration leading to considerable
stiffening and hardening. This interpretation of the recrystallization process in titanite based on the
correlation of new results from nanoindentation and Raman-spectroscopic measurements complementing previous investigations using thermogravimetric and gas analyses by Hawthorne et al. (1991) and
infrared spectroscopy by Zhang et al. (2001). The new data combined with previous work leads to a
detailed description of the annealing behavior of a radiation-damaged titanite, which is a complicated
process that includes dehydration and atomic-scale structural reorganization. To minimize the influence
of surface phenomena on the hardness measurements, the so-called “true” hardness was used instead
of the standard hardness calculation (Oliver and Pharr 1992). A comparison shows that the Oliver and
Pharr method clearly underestimates the hardness.
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Introduction
Titanite is an accessory, nesosilicate mineral with end-member composition CaTiSiO5. The ideal crystal structure consists of
chains of corner-sharing, TiO6 octahedra, cross-linked by isolated
SiO4 tetrahedra forming a TiOSiO4 framework that hosts Ca2+ions in irregular CaO7 polyhedra (Speer and Gibbs 1976). Highly
crystalline titanite close to its end-member composition undergoes a structural transition P21/c ↔ C2/c between monoclinic
phases near 500 K (Taylor and Brown 1976; Van Heurck et al.
1991; Bismayer et al. 1992; Salje et al. 1993; Zhang et al. 1995;
Meyer et al. 1996; Kek et al. 1997). Natural titanite incorporates
various impurities into its structure. Cations, like Al, Cr, Mn, Fe,
Nb, and Ta, can occupy the octahedrally coordinated Ti position
(Paul et al. 1981; Hollabaugh and Foit 1984; Muir et al. 1984;
Groat et al. 1985; Hawthorne et al. 1991; Chrosch et al. 1998;
Gaft et al. 2003; Salje et al. 2011a). Tetrahedrally coordinated
structural Si can be substituted by Ti, Cr, and Fe (Hollabaugh
and Rosenberg 1983; Gaft et al. 2003) and O2– can be replaced
by (OH)– and F– (Hawthorne et al. 1991; Meyer et al. 1996) as a
result of charge compensation of cations or to fill vacancies. The
sevenfold-coordinated Ca in the titanite structure can be replaced
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by elements like Na, Mn, Y, Pb, REEs, Th, and U (Hawthorne
et al. 1991; Gaft et al. 2003). Furthermore, actinides like U and
Pu, neutron absorbing elements like Gd and Hf and also fission
products like Sr have been incorporated into synthetic titanite
(Ewing et al. 1995; Stefanovsky et al. 2000; Vance et al. 2000).
Such impurities and radiation damage lead to domain wall pinning that hampers the phase transition in natural titanite (Meyer
et al. 1996). Therefore its space group remains C2/c at room
temperature on the XRD length scale. Nevertheless, Raman
spectroscopy has revealed that the structural phase transition still
occurs within the crystalline domains even in heavily damaged
impure titanite (Beirau et al. 2014).
Mainly the α-decay of incorporated radioactive elements
leads to structural damage and amorphization in minerals (metamictization). This structural damage process has been described
in great detail in the literature (i.e., Hawthorne et al. 1991; Ewing et al. 1995; Trachenko et al. 2001; Ewing 2007, 2011). The
α-decay of the unstable nucleus generates two different types of
particles, an α-particle, a 42He2+ core with an energy of ∼4.5–5.8
MeV (for actinides) and a heavy recoil nucleus with an energy
of ∼70–100 keV. The smaller α-particle displaces only several
hundreds of atoms, mostly close to the end of its trajectory at
∼15–22 µm, inducing Frenkel defects in the structure by elastic
collisions. The other particle is a heavier recoil nucleus displac-

