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Electron-irradiation-induced phase segregation in crystalline and amorphous apatite:
A TEM study
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ABSTRACT

Single crystals of natural F-rich apatite and 800 keV Kr21 ion-beam–amorphized apatite
were irradiated by an electron beam in a transmission electron microscope over a range
of beam energies and beam currents. Irradiation of crystalline apatite using a high current
density (16 A/cm2) caused the precipitation of cubic CaO from the crystalline apatite
matrix. Using a lower beam current (1.6 A/cm2), the formation of nanometer-sized voids
was observed, but CaO did not crystallize even after prolonged irradiation. Amorphous
apatite crystallized to a coarse-grained polycrystalline assemblage of apatite crystallites at
85–200 keV. Increasing the beam current through the sample caused the formation of fine-
grained cubic CaO, and the crystallization of apatite was not observed, even at high doses.
In each case, many beam-induced bubbles formed and were typically larger at the edge of
the beam. Thermal annealing at 450 8C resulted in epitaxial crystallization from the thick
portions of the TEM foil and resulted in a single crystal with a high defect density.
Electron-beam irradiations at 300 8C confirmed that the difference in microstructural evo-
lution as a function of current density is driven by dose-rate effects. In fact, temperature
and dose rate are competing effects in the precipitation of CaO.

INTRODUCTION

Understanding the effects of radiation on apatite
[Ca5(PO)4F 5 fluorapatite, Ca5(PO4)3OH 5 hydroxyapa-
tite] has several important applications. First, apatite can
be used to investigate the potential beneficial or harmful
effects of ionizing radiation on bones and teeth (Brès et
al. 1991, and references therein; Ji and Marquis 1991;
Nicopoulos et al. 1995). Previous work on dental enamel
showed that electron irradiation can induce mass loss
from voids, outgrowths on crystal surfaces, and crystal-
lization of the inorganic constituents of the non-crystal-
line dental matrix. Second, because of the relatively high
U content (up to several hundred parts per million sub-
stituting for Ca), apatite is used widely in geochronology.
The age and thermal history of portions of the Earth’s
crust can be determined from the abundance and anneal-
ing rate of the damage tracks caused by the fission of 238U
(Carlson 1990; Green et al. 1989; Grivet et al. 1993; Hur-
ford and Green 1982; Lutz and Omar 1991). A knowl-
edge of the damage-production processes and annealing
kinetics (thermal and radiation-enhanced) is essential to
determine correct ages. Finally, apatite-structure silicates,
often containing large amounts of P, are actinide-bearing
constituents of simulated multiphase ceramic nuclear
waste forms (Ewing et al. 1995; Wang et al. 1994a; We-
ber 1983). The actual chemical formula of nuclear waste
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apatite is Ca4 2 xLn6 1 x(SiO4)6 2 y(PO4)yO2, (Ln 5 lantha-
nides), where actinides readily substitute for lanthanides
in the structure. Under these circumstances apatite may
receive a high radiation dose because of a-decay events
as well as b-particle irradiation over long time spans. As
such, a detailed understanding of irradiation effects in ap-
atite is clearly necessary. In this paper we document the
effects of low energy (85 to 200 keV) electron irradiation
on naturally occurring amorphous and crystalline apatite.

Electron- or ion-irradiation-induced segregation in
crystalline materials was previously documented in alloys
(Lam et al. 1987; Sorescu et al. 1995; Wiedersich 1986;
Wollenberger 1994), although similar effects in minerals
have been rarely reported. However, natural apatite un-
dergoes extensive void formation followed by the precip-
itation of cubic CaO under a 200 keV electron irradiation
(Cameron et al. 1992). Similar phase changes were ob-
served in hydroxyapatite under electron irradiation, in
which the following stoichiometrically balanced reactions
were proposed (Ji and Marquis 1991, and references
therein):

2Ca5(PO4)3(OH) → 3Ca3(PO4)2 1 CaO 1 H2O (1)

2Ca5(PO4)3(OH) → 2Ca3(PO4)2 1 Ca4P2O9 1 H2O (2)

Solid phase epitaxial recrystallization (SPE) of surface
or buried amorphous layers in semiconductors and insu-
lating ceramics as a result of electron irradiation is also
well documented. Almost all of this work was done on
silicon because of the importance of these recrystalliza-
tion processes in the semiconductor industry, particularly


