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ABSTRACT
Diffuse X-ray scattering from single crystals of metamict zircon reveals residual crystallinity
even at high fluences (up to 7.2 × 1018 α-decay events/g). The experimental evidence does not suggest that radiation-induced amorphization is a “phase transition.” The observations are in good agreement with a nonconvergent, heterogeneous model of amorphization in which damage production is a
random process of cascade formation and overlap at increasing fluence.
Instead of an amorphization transition, the existence of a percolation transition is postulated. At
the level of radiation damage near the percolation point, the heterogeneous strain broadening of Xray diffraction profiles is reduced whereas the particle-size broadening increases. Simultaneously,
the macroscopic swelling of the zircon becomes larger than the maximum expansion of the unit-cell
parameters. A suitable empirical parameter that characterizes this transition is the flux, Ds, at which
the macroscopic expansion is identical to the maximum expansion of the crystallographic unit cell.
In zircon, Ds = 3.5·1018 α-decay events/g.

INTRODUCTION
“Metamictization” is the transition from the crystalline to
an aperiodic or amorphous state due to alpha-decay event damage from constituent radionuclides (238U, 235U, and 232Th) and
their daughters (Ewing 1994). However, this transformation in
minerals is part of a larger class of radiation-induced transformations to the amorphous state that has received considerable
recent attention as a result of ion- and electron-beam experiments on metals (Johnson 1988), intermetallics (Motta 1996;
Motta and Olander 1990), simple oxides (Gong et al. 1996a,
1996b; Degueldre and Paratte 1998), and complex ceramics
and minerals (Wang and Ewing 1992; Ewing et al. 1987, 1995;
Weber et al. 1998; Wang and Weber 1998). Different models
have been proposed in which radiation-induced amorphization
is either a homogeneous process caused by defect concentrations reaching a critical value (Okamoto and Meshii 1988; Fecht
and Johnson 1988; Wolf et al. 1990; Lam and Okamoto 1994a,
1994b) or a heterogeneous process caused by cascade “quenching” and overlap with increasing dose (Meldrum et al. 1998;
Wang et al. 1998a, 1998b). Most previous workers have implicitly assumed that metamictization is a “driven” phase transition with a well-defined critical dose that varies as a function
of temperature (Weber et al. 1994; Meldrum et al. 1997). Such
critical doses are commonly determined as the dose at which
there is a loss of crystallinity as revealed by the absence of an
X-ray or electron diffraction maximum. Such a definition is
clearly unsatisfactory, particularly for standard X-ray diffraction experiments, as the sensitivity with which X-ray signals
may be detected depends strongly on experimental details. In
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fact, we observe clear X-ray diffraction signals at the position
of Bragg reflections from all samples which were previously
characterized as fully amorphous. The diffraction intensity disappear asymptotically with increasing radiation dose and it
makes no sense to define a physical parameter by that dose at
which no diffraction is observed under some “standard” but
ill-defined experimental condition. Furthermore, glasses may
show a characteristic diffraction pattern, S(Q), with diffraction maxima close to those of related crystal structures. Such a
glassy material with local order can be confused with samples
that contain small areas of undamaged material in an aperiodic
matrix. It is also important to quantify the dose-dependence of
the radiation damage as a function of physical and structural
properties. In many previous experimental studies, the damage was measured by macroscopic density changes and unitcell expansion (Holland and Gottfried 1955; Murakami et al.
1991). Macroscopic swelling often follows an empirical dose
dependence of the type (Weber 1993)
∆Vm/V0 = Am [1 – exp –(BmD)n]

(1)

where D is the dose, Am is the saturation swelling, Bm is a constant related to the mass of material damaged per decay event,
and n is an empirical exponent with typical numerical values
between 1 and 2.5. Note that this model contains no critical dose.
The saturation swelling is approached asymptotically, and no
phase transition is considered on a macroscopic length-scale.
On an atomic-scale level, radiation damage accumulation has
been successfully modeled based on the idea that a periodic array of atoms is disrupted if each atom is displaced at least three
times by a radiation-induced displacement cascades; this defines
the double-overlap model (Gibbons 1972). In this model, direct
amorphization does not occur in any single cascade, but rather a
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