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A comparison of radiation effects in
crystalline ABO,-type phosphates and silicates

A. MELDRUMI'*'T, L. A. BoatnEr' AND R. C. EWING?

! Solid State Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
2 The University of Michigan, Dept. of NE&RS, Ann Arbor, MI 49108, USA

ABSTRACT

The effects of ion irradiation in the ABO,-type compounds were compared by performing experiments
on four materials that include the most common crystal structures (monazite vs. zircon) and chemical
compositions (phosphates vs. silicates) for these phases. Pure synthetic single crystals of ZrSiOy,
monoclinic ThSiO,4, LaPO, and ScPO, were irradiated using 800 keV Kr" ions. Radiation damage
accumulation was monitored as a function of temperature in sifu in a transmission electron microscope.
The activation energies for recrystallization during irradiation were calculated to be 3.1-3.3 eV for the
orthosilicates but only 1.0-1.5 eV for the isostructural orthophosphates. For the ion-beam-irradiated
samples, the critical temperature, above which the recrystallization processes are faster than damage
accumulation and amorphization cannot be induced, is >700°C for ZrSiO4 but it is only 35°C for
LaPO,. At temperatures above 600°C, zircon decomposed during irradiation into its component oxides
(i.e. crystalline ZrO, plus amorphous SiO,). The data are evaluated with respect to the proposed use of
the orthophosphates and orthosilicates as host materials for the stabilization and disposal of high-level
nuclear waste. The results show that zircon with 10 wt.% Pu would have to be maintained at
temperatures in excess of 300°C in order to prevent it from becoming completely amorphous. In
contrast, a similar analysis for the orthophosphates implies that monazite-based waste forms would not
become amorphous or undergo a phase decomposition.

KEYWORDS: zircon, monazite, metamictization, amorphization, radiation effects, plutonium, waste form.

Introduction

ZIRCON (ZrSi0,4) and monazite (LnPO,4: Ln = La,
Ce, Nd) are members of the general ABO,
mineral group (A = Ln, Ac, Sc, Y, or Zr, where
Ln and Ac refer to the lanthanides and actinides,
respectively, and B = Si or P). Both phases occur
widely in nature and typically contain U or Th
impurities substituting on the A-site. Hence,
zircon is currently the most commonly used
mineral for radiometric dating of the earth’s
crust. However, zircon is frequently found to be
metamict (i.e. rendered amorphous by natural
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a-decay-event damage) despite containing
<5000 ppm uranium, on average (Speer, 1982).
Zircon is less often reported to contain micro-
crystalline ZrO, precipitates (e.g. Vance and
Anderson, 1972). Monazite generally contains
high concentrations of the light rare earth
elements (LREE) and lower abundances of the
heavy rare earth elements (HREE).
Concentrations in excess of 25 wt.% ThO, +
UO, have been reported in monazite
(Grammacioli and Segalstad, 1978). Other natu-
rally occurring ABOg4-type compounds include
hafnon (HfSiO,4), thorite (tetragonal ThSiOy),
huttonite (monoclinic ThSiO4), xenotime
(YPO,), and pretulite (ScPOy).

Zircon and monazite have related crystal
structures. The zircon structure is tetragonal
(I4y/amd, Z =4) and consists of chains of
alternating, edge-sharing AOg and SiO4 coordina-
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tion polyhedra parallel to the ¢ axis (Hazen and
Finger, 1979). The zircon structure-type includes
ZrSi0O,4, HfSiO,, tetragonal ThSiO,4, YPO,, ScPO,4
and the suite of (HREE)PO, (Taylor and Ewing,
1978; Milligan et al., 1982, 1983). A larger A-site
cation (e.g. the LREE) distorts the crystal
symmetry and introduces a ninth oxygen into
the A-site coordination sphere, resulting in the
monazite structure (Mullica et al., 1984). The
monazite structure is, in fact, a monoclinic (P2 /n,
Z = 4) derivative of the higher-symmetry zircon
structure. Phases with the monazite structure
include a monoclinic high-temperature poly-
morph of ThSiO, (huttonite) and the suite of
(LREE)PO, (Taylor and Ewing, 1978; Mullica et
al., 1985). In the present work, we compare the
effects of irradiation on LaPO, and monoclinic
ThSiO,4 (monazite structure), as well as ScPOy4
and ZrSiO,4 (zircon structure). These four
compounds span the range of chemistry (phos-
phates vs. silicates) and crystal structure (mona-
zite vs. zircon) for these ABO,-type compounds.

The effects of heavy-ion irradiation on zircon
and monazite have important ramifications because
of their proposed use as waste forms for the
disposal of plutonium from dismantled nuclear
weapons (Ewing et al., 1995; Burakov et al., 1996;
Ewing et al., 1996; Weber et al., 1996) and mixed
high-level nuclear waste (Boatner, 1978; Boatner
et al., 1980, 1981; McCarthy et al., 1980; Boatner
and Sales, 1988), respectively. The accumulated
effects of irradiation could lead, for example, to a
radiation-induced crystalline-to-amorphous trans-
formation with a corresponding reduction in the
chemical durability (i.e. increased leach rate:
Ewing et al., 1982; Tole, 1985) and to a relatively
large volume increase of the waste form itself (e.g.
Weber, 1990).

Experimental

Synthetic single crystals of ZrSiO, and ThSiO,4
were grown by a high-temperature solution
process employing a lithium molybdate flux
(Reynolds et al., 1972). Single-crystal specimens
of ScPO, and LaPO, were grown by employing a
lead pyrophosphate flux (Boatner and Sales,
1988). TEM specimens were prepared by hand
polishing and ion milling using 4 keV Ar™" ions.
The specimens were then irradiated in sifu in the
HVEM-Tandem Facility at Argonne National
Laboratory using 800 keV Kr* ions with a flux
of 1.7 x 10" ecm™s™". The specimen tempera-
ture was varied from —250 to 800°C by using a
heating stage or a liquid-helium-cooled cooling
stage. Electron diffraction was used to monitor the
specimens as the irradiation progressed (Fig. 1).
The critical amorphization fluence, defined as the
minimum ion fluence for the disappearance of the
electron diffraction maxima, was determined for
all the compounds. The experimental error
(~20%) was determined by performing the
irradiations three times at room temperature.

Results and discussion
Irradiation results

The amorphization fluence, in units of ions/cm?,
was converted to an equivalent displacement dose
in units of displacements per atom (dpa) using
TRIM-96 calculations (full cascades) to calculate
the number of displacements per ion in the
thickness of the sample (estimated at 100 nm:
Wang, 1998; Meldrum et al., 1999a). This
conversion requires a knowledge of the atomic
displacement energies (E;) for the constituent
atoms. For ZrSiO, and monoclinic ThSiO,4, we

Fic. 1. Electron diffraction patterns observed during ion irradiation of ZrSiO4. With increasing ion fluence, the

initially sharp diffraction maxima gradually fade out and are replaced by an amorphous halo. The minimum ion

fluence required for the complete disappearance of the electron diffraction maxima at each temperature was recorded
and used to calculate the amorphization dose in Fig. 2.
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used E; values of 79 eV (A-site cation), 23 eV
(Si), and 47 eV (O) (Weber et al., 1998). The E,
values for the orthophosphates are not known,
thus we used the same values as for the silicates.

The temperature dependence of the amorphiza-
tion dose for LaPO,, ScPO,4, monoclinic ThSiOy,
and ZrSiO, (e.g. one example each of the
phosphates and silicates with either the monazite
or zircon structure) is shown in Fig. 2. The
measured amorphization dose reflects the
competing effects of damage accumulation and
recrystallization processes that occur during
irradiation. In the case of the phosphates, the
amorphization dose increases rapidly near room
temperature. Above 60°C (LaPO,: monazite
structure) or 100°C (ScPOy: zircon structure),
amorphization can no longer be induced. On the
other hand, the orthosilicates ZrSiO, and mono-
clinic ThSiO4 can be amorphized at temperatures
as high as 700°C.

This large difference in the temperature
dependence of the amorphization dose reflects a
fundamental difference in the amorphization and
recrystallization kinetics between the phosphates
and silicates. This difference may be attributable
to differences in the structure of the amorphous
phases produced by irradiation. The PO, tetra-
hedra are probably less readily polymerized than
their silicate counterparts, owing to the presence

of a double P—O bond. If the SiO, tetrahedra in
amorphous silicates are indeed more highly
polymerized, then a significant amount of bond
breaking would be required to form a structure
based on isolated SiO, tetrahedra (i.e. zircon).
Additionally, the rigid PO, units may be more
easily rotated or realigned during
recrystallization.

For both the orthophosphates and orthosili-
cates, the phases with the zircon structure (ScPO,
and ZrSiO,4) can be amorphized at slightly higher
temperatures than those with the monazite
structure (LaPO,4 and monoclinic ThSiO,4). The
monazite structure is thus more stable under
irradiation at elevated temperatures; however, this
difference is small compared to the chemical
effect discussed above. At low temperatures, the
measured difference for the monazite- and zircon-
structure compounds was smaller and was close to
experimental error, although the monazite struc-
ture compounds still required a higher dose for
amorphization. The effects produced by energetic
ions may be slightly different in the monazite
structure owing to a lack of ion channelling and
linear collision sequences in the lower symmetry
structure. This may lead to more compact
collision cascades and less defect survival than
would be expected to occur in the higher
symmetry zircon structure (e.g. Robinson, 1983).
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Fic. 2. Amorphization dose as a function of temperature for LaPO,, ScPOy4, ZrSiO4 and monoclinic ThSiO4. The

lines were calculated using equation 3. The jog in the calculated line for LaPO,4 at —200°C is not meant to imply the

existence of a separate and defined recrystallization stage, but simply fits the model to the limited number of data
points.
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This difference may be sufficient to produce the
small observed increase in 7, for the orthopho-
sphates and orthosilicates with the zircon
structure. Line crossing produced by the separate
annealing stages (see below) complicates this
analysis of intermediate temperatures.

For ZrSiO,4, ThSiO,4 and ScPOg4, the tempera-
ture dependence of the amorphization dose
appears to increase in two separate stages
(Fig. 2). Only a single stage was resolved in the
case of LaPOy. This two-stage behaviour appears
to be outside of the experimental error. Similar
behaviour was reported previously in the case of
zircon irradiated with 1500 keV Kr* ions (Weber
et al., 1994). The temperature dependence of the
amorphization dose can be obtained by using one
of several available models. The reader is referred
to Weber et al. (2000) for a useful description of
the difficulties and assumptions inherent in
amorphization-recrystallization theories in
general. According to a recently-developed
model (Meldrum et al., 1999a), the amorphous
volume fraction, f,, increases with irradiation
time, ¢, according to the following equation:

dh_

" P[1-¢(1

—eMN] (L =f) = drefu (1)
where P is the rate of production of amorphous
zones (P =0.002 dpa/s in the present experi-
ments), € is an empirical constant relating to the
difference in the baseline amorphization dose for
the two stages [€ = (Doary — Doay)/Doqr), Where
Doy and Dy, refer to the baseline amorphiza-
tion dose (i.e. the flat part of the curves in
Fig. 2)] for Stage I and Stage II, respectively.
The terms A; and Ay are the rate constants for
recrystallization:

hy=Aexp(-E/KT) 2)

where k = Boltzmann’s constant and A is the
lattice vibration frequency (~10'2 Hz). The
solution for equation 1, using the initial condition
that f, = 0 at t = 0, is given by:

P

Je=prw

—(P+X): [( 1=2)st5im(1 —e”*"ﬁ")] :|
- e

3)

where X' = ¥(1-¢) (Meldrum et al., 1999a). An
amorphous volume fraction of 0.95 (Miller and
Ewing, 1992) was assumed for the purpose of
these calculations. Thus, the amorphous fraction
at a given temperature is related to the activation

energies for Stage I (E,) and Stage II (E,;)
recrystallization. E,;, E.;, and € (Table 1) were
selected to provide the best least squares fit to the
data in Fig. 2, subject to the constraint that the
curves pass through the highest temperature data
point.

An expression for 7, the critical temperature
above which amorphization will not occur, can be
derived from equation 1 (Meldrum et al., 1999a):

L (4)

T, = "
k-ln[l,(I - ]

=&)-(1-fa)

T, is the temperature above which the annealing
processes are faster than those of damage
accumulation. The values obtained for 7. are
related to the dose rate P. When P is large (i.e. in
the ion-beam experiments), then 7. is high. For
the lower dose rates in minerals, T, for a given
mineral is correspondingly lower. The T values
corresponding to the ion beam experiments and to
5 wt.% of incorporated Pu are given in Table 1
for the materials investigated here.

The physical meaning of the activation energies
obtained from equations 1-3 are difficult to
ascertain directly. However, the magnitudes of
E,_; and E_; may be characteristic of certain types
of processes. For example, in the orthosilicates
E,; varies from ~1-1.2 eV. These values can be
compared to the known defect migration energies
in other insulating ceramics, as summarized in
Zinkle and Kinoshita (1997). In general, the
present values are similar to the interstitial
migration energies in Al,O; and MgO, but are
slightly lower than the activation energies for

TABLE 1. Values of the terms used in equations 1 5.

Phosphates Silicates
LaPO, ScPO4 ZrSi0,  ThSiO4
E.; (V) - 1.0 1.0 1.2
E. .y (eV) 1.0 1.5 33 3.1
€ - 0.54 0.68 0.47
C 1.05 1.56 0.66 34
X 260 220 170 302
T.'(°C) 300 420 700 650
T2(°C) -80 0 360 320

"' T_ values for the ion-irradiation experiments (P =
0.002 dpa/s)
2 T values for Z°Pu-doped material (P = 10~'% dpa/s)
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vacancy migration (these vary from 1.8 to
2.5 eV). On the other hand, the values obtained
for E_; (3.1-3.3 eV for ThSiO4 and ZrSiO,) are
quite high. These could be associated with
complex defect migration or, more likely,
radiation-enhanced recrystallizationof amorphous
zones. This latter hypothesis is supported to some
degree by the value of 3.6 eV recently obtained
for the recrystallizationof fission tracks parallel to
the ¢ axis in zircon (Virk, 1995).

On the other hand, the activation energies for
Stage II recrystallization in the orthophosphates
are considerably lower (1.0 and 1.5 eV for LaPO,
and ScPO,, respectively). The lower activation
energies in the phosphates show that these
materials are considerably more susceptible to
recrystallizationthan their silicate analogues. This
could explain the observation that natural
monazite is only rarely reported to be metamict.
For both the phosphates and silicates, the critical
temperature was lower (i.e. more rapid annealing
occurs) for the monazite structure types.

In the case of zircon, ion irradiation carried out at
temperatures above 600°C produced a new effect.
Above these temperatures, the zircon decomposed
into its component oxides: cubic or tetragonal ZrO,
+ amorphous SiO, as a result of irradiation, as
determined by electron diffraction, high resolution
TEM (Fig. 3), and nanobeam EDS analysis. At
temperatures between 600 and 750°C, the speci-
mens become amorphous before decomposing, but
at higher temperatures, the irradiated zircon
decomposes directly to the component oxides
without an intermediate amorphous phase. The ion
fluence for these decompositions decreased with
increasing temperature. A similar effect was
observed in the case of monoclinic ThSiO4
irradiated above 700°C; however, huttonite (unlike
zircon) recrystallizes epitaxially from the thicker
portions of the TEM grid at these high temperatures
and so only small amounts of ThO, could be
produced. These results were not duplicated by
thermal annealing in the absence of irradiation at
the maximum obtainable temperature (800°C).

Fic. 3. Microstructure of zircon irradiated at 800°C to a dose of 3 dpa. Randomly oriented ZrO, nanocrystals are

embedded in amorphous SiO».
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We noted previously that this phase decom-
position is not inconsistent with the concept of
thermal spikes (a transient high-temperature
‘spike’ occurring during collision cascades)
(Meldrum et al., 1998a). ZrO, has also been
reported to occur in naturally occurring metamict
zircon (Vance and Anderson, 1972). The present
observations suggest that the phase decomposition
in natural zircon could be attributed to the effects
of ion irradiation damage during periods of
elevated temperature. Alternatively, ZrO,
‘colloids’ may nucleate in the collision cascades
and, over geologic time, gradually grow into
discrete particles owing to long-term thermal
diffusion effects.

Implications for ABO, phosphate and silicate nuclear
waste forms

The ion irradiationresults in Fig. 2 can be used to
predict the crystalline-to-amorphous transforma-
tion in monazite- and zircon-based nuclear waste
forms. We recently demonstrated that the
minimum amount of radioactive material required
for amorphization to occur (N, in ppm units) is
related to the age, ¢, and temperature, 7, of a given
mineral grain. N, can be calculated (Meldrum et
al., 1998b; Meldrum et al., 1999b):

X
Ne(ppm) = [1 = eCO-T/D] (M = 1) (3)

X and C are derived from the ion-irradiation
results in Fig. 2 and from the number of a-decay
events in the decay chain and the number of
atomic displacements per a-decay event
(Meldrum et al., 1999b). The values of these
constants are listed in Table 1 for each of the four
compounds investigated here. In Table 1, T is the
effective critical temperature calculated from
equation 4 using P = 10™'% dpa/s (equivalent to
~5 wt.% Pu). In equation5, A is the decay
constant for the radionuclide impurity. The full
derivation of equation 5 is lengthy and the reader
is referred to the above-mentioned references for
a step-by-step procedure.

The value obtained for N, is of fundamental
importance. At a given temperature, grains of a
given age with a present-day radionuclide
concentration above N, should be amorphous. If,
in fact, they are not amorphous, then equation 5
can be used to calculate the minimum temperature
required by the specimen in order to have retained
their crystallinity.

190

An estimate of the accuracy of equation 5 can
be obtained by an analysis of crystalline and
metamict natural zircon specimens of known age
and uranium concentration. In Fig. 4, we plot the
literature data for crystalline and metamict zircon
spanning a wide range of age and uranium
concentrations, as modified from Meldrum et al.
(1999b). The dates of the metamict samples were
obtained by dating cogenetic crystalline zircon
specimens. As expected, the metamict samples
contain a higher concentration of uranium than do
the crystalline ones.

Also plotted in Fig. 4 are the values for the
present-day critical radionuclide concentration
calculated from equation 5, assuming a constant
temperature of 100°C (solid lines in Fig. 4). Thus,
zircon grains which plot above the upper line
should be completely metamict. The upper
boundary represents complete amorphization
based on electron diffraction in the TEM. In
reality, the buildup of radiation damage is a
continuous process, so a transition zone between
fully crystalline and metamict (as measured by
electron diffraction)is also shown. Zircon plotting
in this transition zone should be partially
amorphous. The ‘width’ of this transition zone
was estimated by assuming that the minimum
detectable amorphous fraction, f,,, in the TEM is
35 vol.%, as compared to 95% for ‘complete’
amorphization (Miller and Ewing, 1992).
Assuming direct impact amorphization, the
amorphous fraction is related to the dose D,
(Weber, 1990):

fa =1- exp(_BDc) (6)

where B is a constant. Using the above values for
f. in equation 6, the minimum dose observable in
the TEM corresponds to 15% of the dose required
for amorphization (again judged by electron
diffraction). This range is represented in the
transition zone plotted in Fig. 4. In general, the
model results in Fig. 4 agree rather well with the
available data for metamict zircon — especially
considering the number of possible variables in
the natural specimens (e.g. fluids, temperature,
impurities, etc.). The good agreement between the
model and the available data suggests that the
model is reasonably accurate.

On the basis of this analysis, equation 5 can be
used to predict when, in the future, the crystalline-
to-amorphous transformation of a Pu-doped
mineral waste form will occur. For example, if
we assume a 5 wt.% waste loading of ***Pu in
zircon, then N, is fixed at 5 wt.%, or 43,000 ppm
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Fic. 4. Calculated critical uranium concentration, N, as a function of age in zircon for a temperature of 100°C,
modified after Meldrum et al. (1999b). The solid lines, plotted using equations 4 and 5, demarcate the calculated
transition zone between undamaged zircon (lower field) and amorphous zircon (upper field). Literature data for both
crystalline (squares) and metamict (triangles) zircon are also plotted (a complete list of references is given in
Meldrum et al., 1999b). The plotted lines delineate the crystalline-metamict boundary relatively well despite the

uncertainty in the thermal history of the various specimens.

Pu. We then need to determine, for any given
temperature, how long it will take the material to
transform into the amorphous state. In other
words, we calculate the relationship between
temperature and time for the crystalline-to-
amorphous transformation for this fixed value of
N.. Figure 5 shows the results of this calculation
for waste loadings of 10, 5, and 1 wt.% **°Pu. The
results show that zircon with 10 wt.% Pu would
have to be maintained at temperatures in excess of
300°C in order for it to avoid becoming
completely amorphous. This value is lowered
only slightly by lowering the amount of *°Pu.
These temperatures are slightly lower than in our
original estimate (Meldrum et al., 1998b) but are
still higher than the temperatures predicted in
currently proposed repository environments (e.g.
Weber et al., 1996).

We note that the use of other models in
combination with a judicious choice of activation
energies can lower the crystalline-to-amorphous
transformations to ~150°C for a waste loading of
10 wt.% **°Pu (e.g. see Weber et al, 1996).
However, using lower activation energies does
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not fit with the data for natural zircon plotted in
Fig. 4. In addition, acceptable modelling of a
waste form should assume worst-case behaviour.
According to the present model, for temperatures
<300°C, the worst-case behaviour for zircon is
amorphization. Another potential problem arises
from the phase decomposition observed during
irradiation of zircon at elevated temperatures.
Whether or not the phase decomposition could
occur at lower temperatures over geologic time
periods is not known. However, ZrO, has been
reported to occur in natural metamict zircon
(Vance and Anderson, 1972). Phase decomposi-
tion could result in the undesirable formation of
grain boundaries and the redistribution of waste
products into the ZrO, and SiO, phases.

A similar analysis for the orthophosphates
implies that monazite-based waste forms would
not become amorphous or undergo a phase
decomposition. A comparison of the values of
N, for LaPO, with those plotted for zircon on
Fig. 4 could not be accomplished because LaPO,
does not become amorphous at 100°C — even at
the accelerated dose rates in the laboratory
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FiG. 5. Calculated time-temperature dependence of the crystalline-to-amorphous transformation in zircon doped with
various concentrations of “*°Pu. For simplicity a transition zone is not shown; instead, we show only the upper

boundary for complete amorphization, as measured by electron diffraction.

experiments. Although the material is relatively
easy to damage by heavy ion irradiation at low
temperatures, the annealing kinetics (both thermal
and irradiation enhanced) in the orthophosphates
are predicted to be sufficiently rapid to prevent
amorphization over geologic time periods, even at
low temperatures. Additionally, the effects of
highly ionizing irradiation (e.g. alpha or beta
particles) apparently stabilize the crystalline
monazite; in fact, this type of irradiation can
lead to complete recrystallization of ion-beam-
amorphized LaPO, and ScPO, (Meldrum et al.,
1997a). One potential caveat in the case of
monazite is the effect that the impurities may
have on the recrystallization kinetics. For
example, Meldrum et al. (1997b) showed that a
high concentration of impurities could increase
the critical temperature, and in another work, we
demonstrated that 1.4 billion-year-old monazite
with 17 wt.% ThO, (a high concentration of SiO,
and CaO was also detected) could indeed become
metamict (Meldrum et al., 1998D).

On the basis of the experimental results
presented here, a zircon waste form is expected
to undergo irradiation-induced amorphization due
to the accumulation of alpha-decay events. Phase
decomposition into the component oxides could
also occur at higher temperatures. However, at this
point too little is known about the kinetics of this
process to derive any conclusions for a zircon-
based waste form. Note, however, that the leach

rates for amorphous zircon are still orders of
magnitude lower than those obtained for borosili-
cate glass compositions (Ewing, 1982; Helean et
al., 1999). In contrast to the case for zircon,
monazite is predicted to remain crystalline even for
very high waste loadings. Finally, we note that the
technique presented here for predicting the crystal-
line-to-amorphous transformation as a function of
actinide content can, in principle, be used for any
crystalline waste form for which the kinetics of
thermal annealing and amorphization-recrystalliza-
tion data such as that shown in Fig. 2 are available.

Conclusions
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7ZrSi0,, monoclinic ThSiO,4, LaPO, and ScPO,
were irradiated by 800 keV Kr* ions. The critical
temperature, above which amorphization was not
induced, was ~400° higher for the silicates than
for their phosphate analogues. Materials with the
zircon structure (i.e. ZrSiO, and ScPO,) could be
amorphized at slightly higher temperatures (under
equivalent irradiation conditions) than the mona-
zite-structure compounds. Above 600°C, ZrSiO4
decomposed to its component oxides as a result of
the irradiation. These results were discussed in
light of the proposed use of the ABO, phosphates
and silicates as high-level nuclear waste forms.
We applied a recently developed model to predict
the crystalline-to-amorphous transformation for
these materials as a function of temperature. On
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the basis of these calculations, a zircon waste
form may become amorphous at temperatures
below 300°C or, potentially, may undergo a phase
decomposition; whereas, monazite is predicted to
remain crystalline.
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