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ABSTRACT

Finite element mechanical modeling is used to follow the evolution of the hardness (H), Young’s modulus (E), and Poisson’s ratio (�) during
the radiation-damage related crystalline-to-amorphous transition in pyrochlore (average main composition Ca2Nb2O6F). According to the
model, two percolation transitions have been identified around 16% and 84% amorphous volume fraction, respectively. In this context, ear-
lier results from thermally induced recrystallization experiments have found to indicate noticeable modifications on the short- and long-
range order by passing the percolation thresholds. Both percolation points have found to act as specific kinetic barriers during stepwise
annealing induced structural reorganization. As phases with pyrochlore structure have been considered as host structures for the long-term
disposal of actinides, it is essential to gain better knowledge of their mechanical behavior under radiation-damage and subsequent tempera-
ture treatment. The obtained results validate the used models’ robustness in predicting radiation-damage related mechanical modifications,
at least for ceramics.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
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Materials with pyrochlore structure (A2B2O7) hold a wide range
of technically important properties, e.g., giant magnetoresistance, cata-
lytic abilities, luminescence, ferromagnetism, and piezoelectricity,1–5

and have been considered as host phases for long-term nuclear waste
disposal.2,6,7 Pyrochlore (ideal formula A2B2X6Y) crystallizes in the
cubic space group Fd3m with eightfold coordinated A cations building
A2Y chains and corner-sharing BX6 octahedra.8 The mineral can
incorporate a large variety of different cations on the A and B
positions. This includes rare earth and radioactive elements, as up to
9wt. % ThO2 and 30wt. % UO2 have been reported.9 The oxygen on
the X and Y positions can be replaced by OH and fluorine on the latter
(for details, see Ref. 10). The incorporated actinides lead, mainly by
a-decay, to structural damage in the initially periodic structure (see
Ref. 11). During this process, two kinds of particles are created: the
a-particle (helium core) and a heavy recoil nucleus. While the
a-particle loses most of its energy by electronic extinctions and causes
only several hundred atom displacements, most at the end of its path,

the heavy recoil nucleus displaces several thousand atoms on its path
by elastic collisions. The so (by the latter) induced recoil cascades
overlap with increasing structural damage, leading to an extremely dis-
ordered (so-called metamict) state.

The radiation-damaged state is metastable, while thermal anneal-
ing leads (at least partially) to structural reorganization.12–14

Nevertheless, this process has found to be not a simple reverse process
of the initial damage event in, e.g., zircon and titanite.15 During the
thermally induced recrystallization of heavily damaged pyrochlore,
avalanches have been detected, as phase fronts move by local singulari-
ties.16 Furthermore, a statistically similarity to the switching of ferroe-
lectrica and the collapse of martensites induced by external pressure
has been reported.16

The radiation damage induced crystalline-to-amorphous transi-
tion, at least in zircon, can be described in terms of percolation the-
ory,17 which has also been suggested for pyrochlore.18 Up to the first
percolation point, only the crystalline fraction percolates. After passing
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this threshold, both crystalline and amorphous fractions percolate,
while by reaching the second percolation point, the crystalline fraction
ceases to percolate. A mechanical modeling approach that uses finite
element-voxel models to determine the macroscopic elastic properties
of bi-continuous microstructures (crystalline and amorphous phases
in the present case) with two percolation points19 has recently found
to be sufficient to simulate the crystalline-to-amorphous transition in
zircon (for details, see Ref. 20). It is based on structural topology, gen-
erated by level-cut random Gaussian fields,21,22 and predicts two volu-
metric percolation thresholds at /P1

a ¼ 15.9% and /P2
a ¼ 84.1%.19

Elastic-plastic finite element simulations of the representative volume
element (RVE) allow to compute the density, Young’s modulus,
Poisson’s ratio, yield stress, hardness, and volumetric swelling as a
function of amorphous phase fraction (fa).

20

In this Letter, we employ the modeling approach by Ref. 20
together with experimental nanoindentation data14 to clarify: (i) if the
radiation induced crystalline-to-amorphous transition in pyrochlore
can be adequately described as a percolation problem with two perco-
lation points and if so, (ii) do the percolation thresholds affect the ther-
mally induced structural reorganization?

Although the used model describes an isotropic case, reference
data used for calibration were obtained from three macroscopic (111)
oriented pyrochlore samples, with different degrees of structural disor-
der and the average main composition Ca2Nb2O6F.

13 As initial input
parameters for the simulation an E of 235GPa and an H of 12.5GPa
have been chosen for the crystalline phase, the E is an average value
obtained from ceramics with pyrochlore structure of the composition
(Ca2Nb2O7)0.25–0.5(Gd2Zr2O7)0.5–0.75,

23 and the H value is an initial
assumption, based on the literature value for recrystallized initially less
damaged Panda Hill pyrochlore [H � 12.2GPa (Ref. 14)]. While an E
value of 110GPa and an H value of 7.55GPa have been taken for the
amorphous phase in close approximation to the highly damaged
Miass pyrochlore sample (100% fa after Ref. 13), the elastic constants
of both phases have been adjusted by fitting the predicted macroscopic
response of the RVE to the measured behavior of the Young’s modu-
lus14 as a function of the average calculated amorphous fraction13 of
reference pyrochlores before and after annealing (Fig. 1). An initial
Poisson’s ratio (�) of 0.27 has been used that fits very well into the
range reported for rare earth stannate pyrochlores.24 As the amorph-
ization causes volume expansion, a volumetric swelling of �5.4% is
achieved in this study that is in good agreement with literature data of
�5%–6% reported for synthetic Cm or Pu doped pyrochlore (struc-
ture) and zirconolite.2,25,26

Figure 1 shows the modeled evolution of the macroscopic
mechanical properties Young’s modulus (E), Poisson’s ratio (�), and
hardness (H) with increasing amorphization. Both volumetric percola-
tion thresholds (pc1 and pc2) at 15.9% and 84.1% fa, respectively, are
model dependent and have been determined previously by Soyarslan
et al.,19 consistent with the points where the Gaussian curvature of the
surface of the specific phase volume fraction as well as the scaled genus
density equals zero. In contrast to Ref. 20, a good fit is obtained with a
simplified model without an interface, resulting in a nearly linear trend
for the hardness. The Poisson’s ratio stays relatively constant between
�0.265 and 0.27, with the minimum at 50% fa. The used approach
assumes an inverse relationship between the crystalline-to-amorphous
transition and the thermally induced reverse process. This seems in
the case of pyrochlore under the given conditions a reasonable

approximation, at least from mechanical point of view, as the elastic
modulus and hardness of untreated crystalline Panda Hill and recrys-
tallized initially highly damaged Miass pyrochlore (both between
�20% and 30% fa after Ref. 13) appear to be comparable (E�169 and
�178GPa and H �11.2 and 11.9GPa, respectively) (see Ref. 14). For
simplification, we assumed an average of 25% fa for both samples in
Figure 1.

Figure 2 provides details for the thermally induced structural
reorganization, i.e., starting from the highly amorphized state, the
establishment of percolation of the crystalline fraction (pc2), and fur-
ther a fully interconnected crystalline matrix, when percolation of the

FIG. 1. Predicted mechanical properties (curves with solid symbols) in comparison
with experimental data (open symbols) published in Ref. 14 as a function of amor-
phous fraction.

FIG. 2. Evolution of the amorphous fraction as a function of annealing temperature
of pyrochlore samples Panda Hill, Blue River, and Miass. Samples were stepwise
annealed for 16 h at each temperature step and subsequently cooled down to room
temperature. The dashed lines are a guide for the eye.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 119, 131905 (2021); doi: 10.1063/5.0068685 119, 131905-2

VC Author(s) 2021

https://scitation.org/journal/apl


amorphized phase ceases (pc1). The modeled Efa evolution from Fig. 1
has been used to determine the amorphous fractions of the pyrochlore
samples (from Ref. 14) during stepwise thermal annealing (given val-
ues apply to room temperature conditions) in Fig. 2. To be more pre-
cise, the measured E values of the pyrochlore samples after each
annealing experiment by Reissner et al.14 have been correlated with
the modeled general evolution of E with increasing fa (see Fig. 1). By
mapping the changing Young’s modulus along the curve in Fig. 1, the
reported changes in amorphous volume fraction after stepwise anneal-
ing are determined (Fig. 2). The chosen annealing time (16 h) at each
temperature step was found to be sufficient to reach saturation.14

Highly disordered Blue River (initially containing preserved crystalline
areas) and Miass pyrochlore samples reach pc2 (84.1% fa) after step-
wise annealing at 600 and 700K, respectively (Fig. 2). It is notable how
stable the system behaves as long it stays above pc2. A further increase in
temperature is necessary to overcome this threshold to reach the bicon-
tinuous structural state (between pc2 and pc1). One can conclude that as
long as both phases percolate (between both percolation thresholds)
only little additional energy is needed to further increase the structural
order. The initially higher crystalline Panda Hill and partially recrystal-
lized Blue River samples exceed pc1 after annealing at 700 and 900K,
respectively. One can expect that Blue River pyrochlore undergoes an
overall structural homogenization at least at annealing temperatures
�800K, before passing pc1 at higher temperatures. The formation of
new phases in Miass pyrochlore at the relevant annealing temperatures
(>800K)13,14 seems to prevent this step. Overcoming the first percola-
tion point, hence establishing a crystalline matrix comprising isolated
isles of amorphous areas, seems to be only possible with a certain preex-
isting initial amount of preserved crystalline domains.

These findings imply the need for additional energy to pass the
percolation points (Fig. 2), while the required temperature depends on
the initial state of crystallinity and homogeneity. Noticeable structural
modifications become visible on the short- and long-range order scale
after stepwise annealing at the found percolation threshold related tem-
peratures (Fig. 2): sharpening of photoluminescence and Raman signals
decreases in unit cell volume and amorphous fraction, sharpening of
Bragg reflections, and an increase in elastic modulus (direct measure for
the overall connectivity).13,14,27 As our model (Fig. 1) predicts an almost
linear trend for E andHwith increasing amorphization, the pronounced
changes in the amorphous fraction visible in Fig. 2 can be directly attrib-
uted to changes in the mechanical properties.

In summary, mechanical modeling agrees with the direct influ-
ence of percolation transitions on the recrystallization behavior and
progress in radiation damaged pyrochlore. Both percolation thresholds
can be assumed to act as specific kinetic barriers during thermally
induced structural reorganization, strongly depending on the initial
degree of structural order. After exceeding the percolation points,
changes in short- and long-range order are noticeable in literature
data.13,14,27 This is an important point that has to be considered for
estimating a materials’ potential as a nuclear waste matrix or to be
used in high radiation environments, e.g., for space applications. This
study further validates the efficiency and robustness of the used model
to approximate the mechanical behavior of, at least, ceramic materials
during the crystalline-to-amorphous transition. The approach could
be helpful for generating additional data for training neural networks,

as Ref. 28 already mentioned that simulated data can be a useful addi-
tion to complete datasets.
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