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Thermal annealing of radiation damaged titanite
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ABSTRACT

Radiogenic impurities of 400 to 800 ppm U and Th in titanite, CaTiSIO,, lead to mod-
erate radiation damage (=1.5 X 10'® a-decay events/g) and therefore to partial amorphi-
zation (=30%). Powder X-ray diffraction on such damaged titanite from the Cardiff lo-
cality in Canada shows that two modifications of the crystalline material coexist. Both
modifications are structurally g phase but differ systematically in their lattice parameters
and aso in their chemical composition. One modification exhibits strong particle size
broadening in X-ray diffraction patterns, whereas it is amost unstrained with respect to
fully annealed titanite. The other modification shows large strain broadening and increased
specific volume (about 3%) due to a high concentration of defects. The unstrained modi-
fication consists of small nucleation centers in the damaged material, and it grows when
the sample is anneadled. At annealing temperatures above 823 K, this modification domi-
nates rapidly and replaces the strained titanite. The results of Rietveld refinement of the
annealed samples and of the time evolution of isothermal annealing studies are discussed.
The analysis of volume strain and of structural strain resulting from the peak profiles
suggests a temperature-dependent activation energy for the recrystallization process, with
E,~ 380 kJmol a& T > 873 K and E, = 500 kI¥moal at temperatures 773 K < T < 873 K.

INTRODUCTION

Titanite, CaTiSIO,, is an accessory mineral in a wide
variety of igneous and metamorphic rocks. The structure
consists of chains of corner-sharing TiO,-octahedra par-
allel to the a axis, cross-linked by edge-sharing chains of
Ca0, polyhedra parallel to [101]. Isolated SiO, tetrahedra
share corners with both structural units (Speer and Gibbs
1976; Taylor and Brown 1976). In the room-temperature
a phase (P2,/a), the Ti atoms are located in off-center
positions within the TiO4 octahedra. The orientation of
the off-center dipole vectors are nearly parallel within an
individual TiO, chain but in opposite directions between
neighboring chains.

Synthetic and natural titanites undergo a phase transi-
tion between the o phase and the g phase at 496 K. This
phase transition has been thoroughly investigated (Speer
and Gibbs 1976; Taylor and Brown 1976; Higgins and
Ribbe 1976; Oberti et a. 1991; Bismayer et al. 1992;
Saljeet al. 1993a; Zhang et al. 1995; Chrosch et a. 1997),
and it is mainly related to a change in the position of the
Ti atoms within the octahedron. The average symmetry
of the g phase is described by the space group A2/a (C2/
c). Careful investigation of optical birefringence, IR and
Raman spectra, dielectric response, heat capacity, and X-
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ray diffraction analysis indicate that the observed A2/a
symmetry above 496 K results from a loss of long-range
coherence between individual Ti off-center dipoles
(Zhang et a. 1995; Bismayer et al. 1992). Sdje et al.
(19934), Chrosch et a. (1997), and Zhang et al. (1997)
showed that a further phase transition, B ~ -+, occurs at
825 K.

The B phase is observed at room temperature for sam-
ples with Ti partly substituted by Al or Fe (Higgins and
Ribbe 1976; Oberti et a. 1991). The structural formula
of titanite may be written symbolically as CaTi(SiO,)0O,
with substitution possible at both cation and anion sites
within the structure. Substitution of Ti4+ by lesser charged
cations is charge balanced with (OH)- or F- replacing
02, The Ca position is sevenfold coordinated and can
accommodate minor amounts of Na, REEs, Y, U, and Th
(Hughes et al. 1997). As a result of the two latter radio-
genic substitutions, titanites may suffer substantial radi-
ation damage (Hawthorne et a. 1991; Vance and Metson
1985). The extent of this damage depends on the radiation
dose (Ewing 1987; Ewing et a. 1987) due to the pro-
gressive overlap of a-recoil collision cascades. Naturally
occurring titanite has been found either as an essentially
crystalline phase or as a mixture of amorphous and crys-
talline regions (Hawthorne et a. 1991; Vance and Metson
1985).
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We were motivated to investigate the damage anneal-
ing of titanite for two reasons. First, titanite shows both
structural damage by radiation and aso structural phase
transitions. This coincidence makes titanite an ideal mod-
el compound for the systematic investigation of the in-
terplay between radiation damage and subtle structural
transformations. Second, the storage of nuclear waste
may involve the radiation damage of titanite-type mate-
rias. In fact, the Canadian Nuclear Fuel Waste Manage-
ment program has considered the possibility of waste
storage with glass ceramics containing crystalline titanite
embedded in an aluminosilicate glass (Hayward and Cec-
chetto 1981; Hayward 1988; Vance and Metson 1985;
Hawthorne et al. 1991). For such applications it is essen-
tia to understand the role played by the radiation damage
on the structural stability of the host material.

EXPERIMENTAL PROCEDURES

The titanite used is from the Cardiff locality in Ontario,
Canada. The material was previously described by Haw-
thorne et al. (1991) as sample M28696. According to
Fleet and Henderson (1985), Vance and Metson (1985),
Hawthorne et al. (1991), and Lumpkin et al. (1991), Car-
diff titanite contains substantial amounts of Al,O, and
Fe,O,, replacing Ti on the octahedral sites. The Al,O,
content varies from 3.4 to 6.4 wt%, with Fe,O, varying
from 3.6 to 0.5 wt%, respectively. Therefore, on average,
at least 20% of the octahedra sites are occupied by Fe
and Al, rather than Ti. The U and Th concentrations re-
ported for these samples are equally variable (between
400 and 800 ppm). Based on an equivalent uranium (EU)
content of 500 ppm and an estimated age of 1000 Ma,
Vance and Metson (1985) conclude a dose of 1.5 x 10
a-decay events/g, corresponding to about 30% of the dose
needed to render the structure completely X-ray
amorphous.

The starting material used in this study was a dark red
color, with well-developed crystal faces and a glassy ap-
pearance. Some impurities and alteration products could
be identified by X-ray diffraction, with an estimate of the
volume fraction provided by Rietveld refinement. The
principal impurity phases are fluorite (=8 vol%) and cal-
cite (=1 vol%). Other possible phases, which also crys
tallize in the fluorite structure, include thorianite, ThO,,
and uraninite, UO,,,. Due to the presence of heavy ele-
ments, these phases might contribute to the X-ray scat-
tering background, even though their actual volume frac-
tion is well below 1%. Weak magnetism of parts of the
titanite also suggests the presence of ilmenite or magnet-
ite. Up to 28 vol% of quartz were detected in few of the
annealed and quenched sample batches. As there is no
evidence of any temperature or time dependence domi-
nating the appearance of this phase, it is likely that quartz
was initialy present as an alteration product in parts of
the titanite crystal, also because the majority of quenched
sample batches contained no quartz detectable by X-ray
diffraction.
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In-situ high temperature X-ray powder diffraction

Part of the sample was crushed and milled to a fine-
grained powder for annealing inside a high-temperature
diffractometer. Si was added to the powder as internal
standard for X-ray powder diffraction analysis using
monochromatic (CuKa,) radiation in the Bragg-Brentano
geometry. The diffracted intensities were measured with
a 120° curved PSD detector (INEL) between 26,,, = 3°
and 20,, = 120°. The high-temperature diffractometer
was previously described by Salje et a. (1993b). Isother-
mal annealing experiments were performed within the
heating stage of the diffractometer at 573, 823, and 973
K under vacuum, using the same powder sample in all.
The annealing times extended to 69.5, 27.5, and 44 h.
The first four diffraction patterns at each temperature
were counted for 15 min. The subsequent patterns were
collected for 2 h each.

Guinier powder diffraction on quenched samples and
Rietveld refinement

Small amounts (=35 mg) of the initia titanite crystal
were wrapped in platinum foil and annealed at tempera-
tures between 473 and 1123 K. At temperatures above
700 K, samples were kept under a nitrogen atmosphere
during annealing. The average weight loss was between
0.08% at 473 K and 0.7% at 1123 K. Following Haw-
thorne et al. (1991) this weight loss can be attributed to
the combined presence of large F concentrations and H,O
in Cardiff titanite. The principal evolving gas species un-
der these conditions is H, for samples with F (but H,O
for samples lacking F) at moderate temperatures, whereas
at higher temperatures, T = 1073 K, a mixture of SiF,,
O,, K HF, and H, escapes.

The quenched titanite samples were crushed in an agate
mortar and ground to a fine powder using a Spex Micro-
Ballmill. The sample material was mixed with Si powder,
used as a standard for calibration of diffraction angles.
The mixture was dispersed onto mylar foil, using amy-
lacetate as an adhesive. X-ray diffraction patterns were
recorded using a Huber G600 Guinier step scan diffrac-
tometer, with sample spinner and monochromatic CuKa,
radiation. Diffraction patterns were recorded in the range
6° = 20 = 90° with stepsize 0.02°. Intensity at each point
was counted for 40 s.

Rietveld refinement was performed using the GSAS
software package (Larson and VVon Dreele 1994). A pseu-
do-Voigt profile function corrected for peak asymmetry
due to axia divergence (Finger et a. 1994) was em-
ployed. Calibration of the asymmetry parameters using
quartz and silicon yielded values of S/L = 0.049 and H/
L = 0.032, where 2Sis the effective height of the sample,
2H is the effective length of the detector dlit and L is the
average distance between the sample and the detector.

Background intensity contribution from the mylar foil
of the sample holder was subtracted from the patterns
before refinement. Under the given conditions (small
grain size, Guinier geometry) the obtained profile func-
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TaBLE 1. Structural parameters of heated Cardiff titanite
(1123 K, 3 d)

Type X y z Occ. U*100
Ca 0.25 0.1669(8) 0 1 3.3(4)
Ti 0.5 0 0.5 0.74(4) 2.1(3)
Al — — — 0.26(4) —

Si 0.75 0.181(1) 0 1 1.8(4)
o(1) 0.75 0.066(2) 0.5 1 2.5(6)
0(2)  0.909(2) 0.062(1) 0.193(2) 1 1.9(5)
0(3) 0.367(2) 0.291(1) 0.350(2) 1 1.8(4)

Note: Space group = A2/a. The lattice parameters are reported in Table
2. R, = 0.0944, R,,, = 0.1372.

tions are entirely Lorentzian. Therefore, only two profile
parameters had to be refined for each phase. Preferred
orientation of titanite paralel to the {110} cleavage
planes was refined using the March-Dollase formalism.
Scattering functions for uncharged atoms were used.

ROOM-TEMPERATURE POWDER DIFFRACTION
Recrystallized titanite

A full structure refinement was performed on the sam-
ple annealed for 3 d at 1123 K, which prior TEM obser-
vations showed to be fully recrystallized. The results are
shown in Table 1 and the diffraction pattern is shown in
Figure 1. The refined occupancy of Al replacing Ti on
the octahedral position is 26 + 4 mol% ~6.8 wt% Al,O.,,
which is in good agreement with the analysis given by
Vance and Metson (1985) and in Table 14 of Hawthorne
et a. (1991). The refined set of parameters was used in
all subsegquent refinements of progressively metamict
samples, including untreated material. The atomic posi-
tions and isotropic temperature factors were held fixed,
whereas the Ti/Al ratio on the octahedral positions was
refined. Single-crystal structure refinements of metamict
Cardiff titanites (Hawthorne et al. 1991) show only minor
deviations of the average structure from the structure of
recrystallized material. Therefore the assumption of an
undisturbed average structure must be valid. However, in
terms of Al content, the refinements with fixed structural
parameters can only be expected to give a qualitative es-
timate of the true impurity concentration. Additional pres-
ence of Fe is not expected to ater the refined Al content
significantly, as the scattering powers of Ti and Fe are
similar.

The obtained R-values were generdly large (W, =
10%). This is due to relatively high levels of background
noise, whereas the difference curve (I, — 1) for heated
titanite in Figure 1 only shows small deviations between
the measured and refined peak profiles.

Metamict titanite

Bragg peaks in this natural Cardiff titanite are split as
clearly seen at =2.6, 3, and 3.2 A in Figure 2. This can
be attributed to contributions from two different micro-
structural fractions of titanite. One fraction exhibits pre-
dominantly strain broadening, corresponding to Bragg
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Ficure |. Observed and calculated diffraction pattern for
Cardiff titanite annealed at 1123 K for 3 d. The lower row of
peak position markers indicates the Si standard, the upper row
indicates titanite. The difference between observed and calculat-
ed intensity is shown below these markers.

peaks shifted toward larger d-spacings. This strained frac-
tion will be called titanite II.

The other fraction, assigned to smaller d-spacings, has
approximately the same cell parameters as the final, an-
nealed titanite. Hence, this fraction can be regarded as
almost unstrained, and we will refer to it as titanite I.
Broadening of the corresponding Bragg peaks is predom-
inantly caused by small particle size.

Rietveld refinement of natural Cardiff titanite and of
partially annealed samples was completed using two dis-
tinct titanite modifications. Structurally, these two modi-
fications were taken to be identical, apart from the vari-
ation of the Al concentration on the octahedral position
and their unit-cell dimensions. Unit-cell parameters and
resulting strain values are listed in Tables 2 and 3, re-
spectively. The diffraction signals of both titanites merge
rapidly at temperatures above 873 K, so that values for
only one structure are reported at this temperature.

Various strain parameters can be calculated for both
microstructura titanite fractions. The components of the
strain tensor and a corresponding scalar strain as well as
the volume strain can be obtained from the lattice param-
eters, using the cell parameters of heated titanite (Table
2) as reference point. An isotropic structural strain, e, is
calculated based on the peak profile parameters (Larson
and Von Dreele 1994). The structural strain of the titanite
Il component is plotted in Figure 3 as a function of an-
nealing time. The observed volume strain in Cardiff ti-
tanite is approximately 3%, a value that also has been
reported by Vance and Metson (1985). The logarithm of
the volume strain during heating at 773, 873, and 973 K
is shown in Figure 4 as function of logarithmic time.

IN-sITU X-RAY DIFFRACTION

The powder diffraction pattern of the starting material
(cf. Fig. 5, top, t = 0) shows a high background diffrac-
tion signal of the amorphous matrix with superimposed
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Ficure 2. Observed and calculated diffraction pattern of un-
treated Cardiff titanite. Peak positions are shown for five phases
(from bottom to top, approximate volume fraction in parenthe-
ses): Si-standard. titanite |1 (=34%), titanite | (=57%), calcite
CaCO, (=1%), fluorite CaF, (=8%), and thorianite, ThO,(<1%).
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The difference curve of observed and calculated intensities is
shown below the peak markers. The inset shows a magnified
portion of the diffraction pattern (position as indicated by the
arrow). The two maxima are the (002) peaks of titanite | and |1,
respectively.

powder diffraction lines of the crystalline parts of the
sample. The Bragg peaks are only weakly broadened. The
line widths are equivalent to coherent length in excess of
500 A. Asiin the case of the (002)-peak (Fig. 2), the fine
structure of the powder lines at 26 ~ 27.5°, clearly shows
two peaks (211) related to the two different modifications
of titanite (the splitting can be seen in the pattern at 573
K, Fig. 5, top). Indexing of the extra peaks with sym-
metry forbidden indices, k + | = 2n + 1, indicative of
the a phase, could be ruled out on grounds of the equal
intensity of both peaks. Superstructure reflections due to
off-centering of the Ti-cations in the « phase are gener-
ally much weaker than the fundamental reflections k+ |
= 2n (Taylor and Brown 1976). We assign the peak at
smaller 20 angle to titanite Il and the peak at larger dif-
fraction angle to titanite I.

Annealing the sample at 573 K leads to the time evo-
[ution of the powder spectrum shown in Figure 5, top.
The intensity of the (211)-reflection increases simulta-
neously for both phases, titanite | and I1. The quantitative
increase is similar for both peaks, with no indication that
significant changes of the relative intensities of any pow-

der peak occur, i.e., the time evolution is characterized
by a uniform increase of all crystalline diffraction signals.
This clearly shows that the amounts of both titanites in
the sample increase without major structural changes.

Further annealing at 823 K follows a very different
pattern (Fig. 5, middle). The Bragg peak of titanite |
swiftly gains intensity, whereas the integrated diffraction
signal of titanite Il decreases. However, the height of the
broad titanite |1 peak increases with time (Fig. 6), where-
as the concomitant shift toward higher diffraction angles
indicates a decrease of the lattice volume (Fig. 7) for this
component.

Annedling at 973 K is similar to that at 823 K. The
remaining diffuse scattering signal of titanite 1l disap-
pears gradually (Fig. 5, bottom) and merges with the dif-
fraction signal of titanite | within an annealing time of
approximately 30 h. The fina annealing stage is now
identical to the powder diffraction pattern of a standard
titanite sample in its B phase (Chrosch et a. 1997).

The recrystallization is seen as the general increase of
the powder peaks (Fig. 8) and a simultaneous decrease
of the diffuse background diffraction, arising from the
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TABLE 2. Lattice parameters of quenched Cardiff titanite
T (K) t (h) a(A) b (A) ¢ (A) B () v (A%)
298 0 7.124(2) 8.779(2) 6.619(2) 114.10(2) 377.9(2)
7.063(1) 8.704(2) 6.548(1) 113.93(2) 367.9(1)
673 0.1667 7.124(3) 8.778(3) 6.616(3) 114.08(4) 377.7(2)
7.060(6) 8.735(8) 6.536(7) 114.02(9) 368.1(5)
673 0.5 7.116(3) 8.773(3) 6.607(3) 113.96(5) 377.0(3)
7.049(5) 8.737(7) 6.523(6) 113.76(8) 367.7(6)
673 1.0 7.122(2) 8.781(2) 6.618(2) 114.09(3) 377.8(2)
7.064(2) 8.718(3) 6.553(3) 113.96(3) 368.8(3)
773 1.0 7.112(3) 8.767(3) 6.609(3) 114.09(4) 376.2(3)
7.059(3) 8.719(4) 6.546(3) 113.92(4) 368.3(3)
773 16.0 7.095(2) 8.746(3) 6.592(2) 114.11(3) 373.3(2)
7.051(2) 8.701(2) 6.540(2) 113.92(2) 366.7(2)
773 336.0 7.079(1) 8.730(1) 6.579(1) 114.03(2) 371.4(1)
7.027(4) 8.695(5) 6.523(4) 113.91(5) 364.3(4)
773 744.0 7.080(3) 8.730(4) 6.577(3) 114.02(4) 371.3(3)
7.048(4) 8.705(5) 6.534(4) 113.89(4) 366.6(4)
873 24.0 7.0620(7) 8.715(1) 6.5602(7) 114.02(1) 368.76(7)
7.032(2) 8.694(3) 6.536(2) 113.80(3) 365.6(2)
873 90.0 7.0598(5) 8.7067(7) 6.5554(5) 113.986(7) 368.15(5)
7.017(3) 8.692(5) 6.515(3) 113.83(4) 363.5(3)
873 264.0 7.0580(6) 8.7070(8) 6.5542(6) 114.998(8) 367.97(6)
7.036(3) 8.686(4) 6.533(3) 113.85(4) 365.2(3)
873 624.0 7.0544(5) 8.7022(7) 6.5485(5) 113.997(7) 367.25(5)
7.032(2) 8.682(2) 6.533(2) 113.88(2) 364.7(2)
973 0.117 7.0472(8) 8.701(1) 6.5480(9) 114.01(1) 366.77(9)
973 0.25 7.0458(4) 8.6970(5) 6.5464(4) 113.987(5) 366.50(4)
973 0.5 7.0432(5) 8.6962(7) 6.5443(5) 113.984(8) 366.22(5)
973 1.0 7.0418(5) 8.6953(7) 6.5439(5) 113.995(7) 366.05(5)
973 48.0 7.0419(5) 8.6928(7) 6.5392(5) 113.953(7) 365.81(5)
1123 72.0 7.0469(4) 8.6901(5) 6.5372(4) 113.944(5) 365.88(3)

Note: Two sets of parameters are given in cases where the refinement of two titanite phases was possible.

amorphous regions of the sample. In order to quantify
this effect the background scattering was integrated be-
tween 20 = 26.8° and 26 = 27.8° and plotted as a function
of time (Fig. 9). [This 26 range is close to the position
of the diffuse halo at d = 3 A in electron diffraction
patterns of Cardiff titanite (Hawthorne et al. 1991)]. The
decrease of the diffraction signal of the amorphous matrix
is clearly visible. A roughly linear relationship between
the decrease of the background scattering and the increase
of the Bragg intensity of the (211) peak of titanite | is
shown in Figure 10. The position of the (211) peak
changes very little with annealing, and the effective par-
ticle size of the final stage of annealing is about 800 A.

Discussion

All of the above observations were made with respect
to B titanite as the stable crystaline state. in radiation
damaged titanite. This correlates with the tendency of
substitutional defects to destabilize the « phase in favor
of the g phase (Hughes et al. 1997; Oberti et al. 1991).
The Cardiff sample contains substantial amounts of Fe
and Al, and one might expect at |least a partial suppression
of the o phase, e.g., smilar to titanite from the Rauris
locality (Zhang et a. 1995). Annealing the sample does
not seem to produce the equilibrium phase (i.e., the «
phase) of titanite, but rather the high-temperature g phase.
This observation might well be explained by the high

degree of Al content of the sample before and after
annealing.

A possible interpretation of the observed peak splitting
in metamict titanite is that the strain-broadened fraction
stems from a titanite structure, which is exposed to stress
from the surrounding amorphous parts of the material.
Moreover, high defect concentrations in these crystalline
areas cause the large volume strain (=3%) observed for
this fraction. This volume strain might define a limiting
value for the crystalline state above which long-range or-
der ceases to exist. Such a limit to the defect concentra-
tion taken up by the crystalline structure also has been
found in zircon (Holland and Gottfried 1955).

Titanite | can be attributed to nuclel of recrystallized
titanite inside the amorphous regions or aternatively to
remnants of titanite that had never been subject to radi-
ation damage. The latter interpretation requires a very
inhomogeneous distribution of U and Th in the material.
The former interpretation has been suggested by Holland
and Gottfried (1955), who reported a second, defect-free
and misoriented zircon phase, if the parent structure had
been subject to intermediate radiation dosage between 2—
9 x 10 o-decay events/g. These authors also suggest
that the nucleation of this undamaged phase from the
amorphous matrix is due to thermal spikes caused by the
passage of « particles. Similar peak splitting in metamict
zircon, abeit at higher diffraction angles, was aso re-
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TaBLE 3. Strain values (X 103)

T (K) t(h) €11 €52 €33 €13 [N e, e,
298 0 9.7 103 125 -04 189 328 7.0
2.4 1.6 1.6 02 33 55 1.6
673 0.1667 9.9 101 121 -0.3 186 324 6.3
1.2 51 -02 04 53 6.2 7.6
673 0.5 9.7 95 107 -0.2 173 303 6.7
1.7 54 =22 05 6.2 50 -16
673 1.0 95 104 124 -04 188 327 5.9
2.4 3.2 2.4 0.0 4.7 80 —-36
773 1.0 8.1 89 109 -04 163 282 5.8
2.0 3.3 1.3 1.0 41 6.6 —4.0
773 16.0 5.4 6.4 83 -03 119 203 8.4
0.7 1.2 0.4 00 14 22 -06
773 336.0 3.9 4.6 64 —-04 89 15.0 6.8
—-2.6 06 -22 -01 34 -43 -45
773 7440 4.1 4.6 61 -03 87 148 10.7
0.6 1.7 -05 02 19 20 -50
873 24.0 1.5 2.8 35 -03 438 7.9 4.3
-1.0 05 -03 -04 14 -08 -50
873 90.0 1.5 1.9 28 -0.2 37 6.2 3.1
-3.3 02 -34 -02 48 -65 -50
873 264.0 1.2 1.9 26 -02 35 5.7 0.5
-09 -05 -07 -02 13 -20 -05
873 624.0 0.7 14 1.7 -01 23 3.7 0.02
-1.7 -09 -07 -03 21 -33 -46
973 0.117 -0.5 1.2 1.7 -04 22 2.4 5.5
973 0.25 -0.5 0.8 1.4 -03 138 1.7 4.3
973 0.5 -0.8 07 -11 -04 17 0.9 1.6
973 1.0 -1.1 0.6 1.0 -04 18 0.5 0.44
973 48.0 -0.8 0.3 03 -02 10 -02 0.4

Note: €,, 10 €,; = monoclinic strain tensor; e, = scalar strain; and e, =
volume strain, based on reference lattice parameters of Cardiff titanite
heated 3 d at 850 °C. The isotropic structural strain, e,, is calculated based
on the profile parameters of the Rietveld refinement.

ported by Murakami et a. (1991). According to Vance
and Metson (1985) the structure of titanite is two to three
times more susceptible to radiation damage than the
structure of zircon. Taking this correction to the dosage
into account, the diffractometer traces shown in this
study, e.g., Figure 2 and Figure 5, can be directly com-
pared with the corresponding diffractometer traces of zir-
con shown by Holland and Gottfried (1955), i.e., sample
4-14 in Figure 3 of their paper.

The strain analysis of annealed samples can be used to
obtain insight into the activation energy of the recrystal-
lization process. Whereas the structural strain seen in ti-
tanite 11, or in the merged peaks at higher temperatures
(Figure 3), appears to decay exponentially at temperatures
above 873 K, it remains unchanged or it even increases
slightly at lower temperatures. An exponential function
e,(t) = e,(t,) exp(-kt) can he fitted to the high-temperature
data. Assuming that the time constant k follows a simple
Arrhenius behavior,

k = kexp<;ET> €y

an activation energy E, =~ 380 kJmol can be calculated.
The preexponential factor follows as k, = 2:10Hz,
which, given a vibrational frequency in the THz region
commonly found in solids, implies a large entropy of ac-
tivation (=1.4 R).
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Ficure 3. Observed isotropic structural strain e, (titanite I1)
as function of time for 673 K (triangles), 773 K (squares), 873
K (open circles), and 973 K (crossed circles). The curves show
calculated exponential decay functions at 873 K and 973 K.
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Ficure 4. Log-Log plot of volume strain for 773 K
(squares), 873 K (open circles), and 973 K (crossed circles). The
horizontal line indicates the initial volume strain. The solid lines
show abest fit to the data, whereas the two dashed lines represent
the approximation used to derive an activation energy in the low
temperature regime.
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Ficure 5. Diffraction pattern as function of time during an-
nealing experiments at 573 K (top), 823 K (middle), and 973 K
(bottom). Theintensity at 973 K is plotted on alogarithmic scale.
The timescale is indicated by horizontal lines at ~3 h intervals.
The time axis points from bottom to top in each diagram.

—

The volume strain shows a clear time dependence even
a 773 K (Fig. 4). The approximately linear correlation
between In(e,) and In(t) seen in Figure 4, suggests a pow-
er law behavior g, « t,. The different slopes indicate that
the exponent n is strongly temperature dependent and no
attempt was made to determine the activation energy
from equa fractions of transformation over the whole
temperature range. However, whereas the kinetics are

268 270 272 274 276 278 clearly different for small volume strains seen at high
o temperatures, the behavior at lower temperatures can be
20 °] approximated using a single time exponent for 773 and

873 K, as shown in Figure 4. Using this approximation
an activation energy in the order of 500 kJmol is ob-
tained. This value depends crucialy on the value of the
exponent n. Hence, provided that the power law behavior
describes the kinetics correctly, the activation energy rap-
idly decreases with increasing temperature, i.e., with in-
creasing n.

The kinetic behavior of the Bragg intensities at 823 K
(Fig. 8) and the position of the diffuse scattering (Fig. 7)
show the same characteristic time evolution, a rapid
change at times shorter than 2 h and a much weaker time
dependence for the later stages. Such a multistage behav-
ior is commonly observed for other radiation damaged
material (Weber 1990). The short time regime is then at-
tributed to the annealing of Frenkel defects in weakly
damaged regions whereas the late time regime is domi-
nated by the propagation of the stable, crystalline phase
into the unstable, amorphous matrix. Our results can be
analyzed within the same theoretica model. The diffuse
scattering is then associated with regions of high defect
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Ficure 6. Relative intensity of the (211)-peak for titanite |
and for titanite Il as function of annealing time at 823 K.
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Ficure 7. Position of the diffuse maximum, corresponding
to titanite I, as a function of time at 823 K.

densities but remaining weak crystalinity, i.e, small
grain sizes. At high temperatures this diffuse scattering is
observed toward the low angle side of the Bragg peak,
as the particle size of the defect rich, but crystalline ma-
terial decreases. Annealing leads to a shift of the diffrac-
tion maximum that corresponds to a strain release of
some 3%. The recombination of Frenkel defects usually
dominates the low-temperature annealing behavior in ra-
diation damaged zircon (Weber 1990; Vance and Metson
1985) whereas growth phenomena are most relevant at
higher temperatures.

We have obtained two different activation energies us-
ing strain measurements. At the low-temperature limit
(773873 K) of the recrystallization process E, =~ 500 kJ/
mol is observed, whereas a more accurate estimate of E,
~ 380 kJmol is calculated at higher temperatures (873—
973 K). Seen in context with the decreasing time expo-
nent (Fig. 4) this might indeed indicate a change in mech-
anism with increasing annealing temperature, i.e., a cross-
over from defect annealing to rapid growth of crystalline
areas.
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Ficure 8. Powder diffraction intensity in (211) (titanite |) as
function of time. The curves are guides to the eye.

RADIATION DAMAGED TITANITE

<o <
+ =)}
T T T

Relative Intensity
o
[\)
—

o
o
—

L 1 2 1 i Il L 1 L 1 L 1 n I3 L 1 L | : 1

15 20 25 30 35 40 45 50
time [h]

Ficure 9. Background scattering between 26 = 26.8° and 26
= 27.8° as function of annealing time at 823 and at 973 K.

The combination of continuous radiation damage and
partia recrystalization of metamict titanite can drive this
material into a state of microstructura and possibly
chemical inhomogeneity. We distinguish between three
fractions of titanite: (1) The origina titanite structure ex-
pands by 3% with respect to the undamaged material.
Any part of the structure that is subjected to larger vol-
ume strains is so heavily damaged that it does not con-
tribute to the long-range order seen by the X-ray diffrac-
tion experiments. (2) These heavily damaged areas of
titanite form the amorphous matrix. The total volume
fraction of amorphous material with respect to the crys-
talline part depends on the radiation dose, whereas the
structural state of both fractions appears to be more or
less constant. (3) The presence of small particles of large-
ly undamaged titanite in the untreated material might be
due to regions in the metamict crystals that are never
affected by a-decay events. This can be caused either by
inhomogeneous distribution of U and Th in the sample
(Murakami et a. 1991) or by channeling effects of the
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Ficure 10. Correlation between Bragg intensity of the (211)
reflection and decrease of background scattering at 973 K.
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metamict structure itself (Diaz de la Rubia 1996). A more
intriguing explanation for these nuclel of undamaged
structure, however, has been put forward by Holland and
Gottfried (1955), who linked the appearance of these nu-
clei to the mechanism of metamictization itself. The ob-
servation of an equivalent secondary phase in moderately
damaged titanite corroborates their model of the metam-
ictization process.
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