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ABSTRACT

Nanoindentation micro-pillar splitting was employed to measure the fracture toughness (K¢) of growth-zones in radiation-damaged zircon
with varying degrees of disorder (~45%-80% amorphous fraction). The radiation-induced amorphization is caused by a-decay events from
incorporated U and Th (~0.22-0.43 wt. % UO, and ~0.02-0.08 wt. % ThO,). K¢ has been found to increase with the increase in the amor-
phous fraction (~2.39 to 3.15 MPa"m"/?). There is a good correlation with the modulus/hardness (E/H) ratio evolution over the investigated
zones. As zircon has been proposed as a nuclear waste form for the incorporation and disposal of Pu, a deeper knowledge of K¢ as a function
of radiation damage is important, as radiation-induced cracking provides diffusion paths for the release of incorporated actinides. Zoned zir-
con provides a model for the development of multilayer coatings and complex ceramics that can be designed to be resistant to crack
propagation.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0070597

Zircon (ZrSiO,), a tetragonal nesosilicate mineral, is one of the
most important minerals for geological age-dating (e.g., Ref. 1) and a
potential nuclear waste host phase for the long-term incorporation
and disposal of actinides, e.g., plutonium.”” The zircon structure can
incorporate high loadings of actinides, as Zr can be completely
replaced by Th, U, Np, Pu, and Am. %Y Mainly due to the resulting
a-decay of the incorporated actinides, the original atomic-scale order-
ing of the host structure undergoes a crystalline-to-amorphous transi-
tion (metamictization).”'® The structural damage results from atomic
displacements (several thousand), caused by elastic collisions between
the heavy recoil nucleus and surrounding atoms with each «-decay
event. The recoil cascades within the periodic structure overlap with
increasing fluence and result in an extremely disordered (metamict)
state. The a-particle (helium nucleus) displaces only several hundred
atoms at the end of its trajectory, losing most of its energy by elec-
tronic excitations. At least for zircon, percolation theory provides
insight into the radiation-induced amorphization process.” > In

nature, zircon contains commonly up to 5000 ppm U and Th, while
the total concentration can reach 10 wt. %." As the ages of zircon often
exceed 100 million years and the mineral has suffered radiation dam-
age all over this time, it is an ideal natural material for which to investi-
gate the long-term effects of intrinsic radiation damage on crystalline
materials.”**” Murakami et al.”” have provided a conceptual model of
the evolution of the zircon structure with increasing radiation damage.
As the structural amorphization of zircon leads to pronounced swell-
ing and reduction in density, "*""**" a noticeable decrease in moduli
and hardness has been observed.”””>**** An embrittlement of zircon
has been observed by Ref. 31 with an increasing degree of crystallinity
(less suffered radiation dose). In this context, micro-fracturing due to
radiation-induced material swelling is an important point that has to
be considered for durability estimates of crystalline and multiphase
nuclear waste forms, as cracks can form pathways for radionuclide
release from the host matrix.”"" Chakoumakos et al””” reported
that fracturing (due to expansion of neighboring amorphous domains)
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was restricted to domains of higher crystallinity in a zoned zircon sam-
ple. The zoning is caused by variations in the distribution of incorpo-
rated U and Th. Although no direct measurements of the fracture
toughness (K¢) have been made so far for zircon, it is assumed to
increase with decreasing crystallinity.”””> As K¢ is an essential material
parameter required to understand the failure mechanism in detail, this
Letter focuses on spatially resolved small-scale fracture toughness mea-
surements of different growth zones with varying concentrations of U
and Th that lead to a variation in the degree of radiation damage. The
studied sample is a ~560 million years old,”® well-characterized, natu-
ral oscillatory-zoned zircon specimen (#4601) from the Ratnapura dis-
trict in Sri Lanka (for details, see Refs. 29, 32, 35, and 37: exactly the
same sample was studied here and was stored safely in a padded thin
section box, considering the already large sample age, no relevant
changes should have occurred over the past few decades). Variations
in the degree of structural disorder between different zones in this
sample have been observed by transmission electron microscopy.””’
This zircon has micrometer-scale (001) zoning (~5-30 um zones in
width) as exposed in a (100) oriented polished thin section (0.03 mm
in thickness). The studied area comprises around 10 zones with vary-
ing UO, and ThO, concentrations between ~0.22-0.43wt. % and
~0.01-0.08 wt. %, respectively,”” while each specific zone (see Fig. 1,
zone alignments along the Y direction) comprises a relatively distinct
and homogenous degree of structural disorder due to the suffered radi-
ation damage by the o-decays of incorporated U and Th. The resulting
suffered maximum lifetime alpha-decay event doses for the zoned area
are displayed in Fig. 1 (calculated after Ref. 26).

Corresponding E/H values for the investigated zoned area have
been calculated from nanoindentation high-resolution mapping data
reported by Beirau et al.”* (Fig. 1). Note, the inverse parameter (ie.,
H/E) is an appropriate measure for the plasticity of an indentation.”®

The nanoindentation micro-pillar splitting technique has been
employed to measure the fracture toughness (for more details, see
Refs. 39-42) of the different zones. In order to avoid biased results,
transition regions were not taken into account. The micro-pillar split-
ting technique has been chosen, as fracture toughness has to be mea-
sured with a lateral spatial resolution below 20 yum, which excludes the
use of conventional indentation cracking methods. The geometrical
constraints of each zone limit the amount of possible applied load that
is, in turn, required to induce cracking. The propagation of an eventu-
ally induced crack could be affected by the presence of the neighboring
zones that would modify the nature and geometry of the crack system
and possibly cause crack deflection at the interface. With pillar split-
ting, the probing volume is limited to that of the milled column, with
no need of knowing the particular crack system. Substrate-induced
artifacts are reduced since pillar splitting can occur at shallow indenta-
tion depths. Three to four micro-pillars [nominal diameter around
4 pum and an aspect ratio (height-to-diameter) > 1] have been pre-
pared in each zone by focused ion beam (FIB) milling (Fig. 1), using a
previously developed preparation procedure that can minimize FIB-
induced damage on the edge of pillars.”” An early-stage multi-step
milling for ring-core geometry machining of 0.28nA has been
employed at 30 kV acceleration voltage, followed by a final refinement
at 48 pA to the nominal diameter of 4 um, to further minimize ion-
induced damaging. The incidence of the latter during pillar milling,
indeed, was debated in related literature,”” ' where it was found that
it can be reduced to an altered thickness of ~100 nm for the usually
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FIG. 1. (a) E/H mapping (E and H data from Ref. 32) of the investigated zoned
area: higher crystalline zones (red) with horizontal cracks (darker features) and
higher amorphous zones (green); areas where no data could be collected are in
gray. Scanning electron microscopy micrographs of prepared micro-pillars in the
zoned area after splitting (exact locations above and below nanoindentation
mapped area are shown). Evolution of (b) E/H (orange crosses) and K (black
closed circles) and (c) E (blue triangles) (data from Ref. 32) and dose (red squares)
for the zoned area. X distance axis applies to whole Fig. 1.
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adopted ion beam currents (below 0.28 nA). This considered, FIB
damage becomes relevant only for pillar’s diameters smaller than 1 um
and can be deemed as negligible for the present case. In a recent review
article,”” several micro-scale fracture testing geometries performances
have been compared (e.g., cantilever beam) finding the pillar splitting
as being the one allowing for the achievement of the lowest FIB dam-
age artifacts. The aspect ratio of the pillars is larger than one, so they
ensure full surface relaxation of the residual stress, if present./l/1
Subsequently, a sharp indenter (diamond tip with a Berkovich geome-
try) is forced into the center of the pillar (constant strain rate of 0.05
1/s), which splits on attaining the critical splitting load (Pc) (burst in
the load-displacement curve) (Fig. 2). From this, the fracture tough-
ness can be computed by

P,
Kczymy (1)

where R is the pillar radius and y (see Table S1) is a calibration coeffi-
cient, while the latter was determined by cohesive-zone finite element
modeling (CZ-FEM), considering the indenter geometry, crack propa-
gation within the pillar, Poisson’s ratio (), and elastic modulus/hard-
ness (E/H) ratio.””** The full range of y values as a function of E/H
values is given in a previous article.”’ The accurate positioning of the
indenter at the center of each pillar was achieved by using a nano-
positioning piezo-stage, which is available on a G200 KLA nanoinden-
tation system. The used tip was fully calibrated on fused quartz
reference sample, before and after each series of tests, according to ISO
14577 parts 1-3 standard.”” K¢ was averaged over the tested pillars in
each specific zone.

The measured fracture toughness values show an excellent corre-
lation with the variation of hardness (H) and modulus (E) (see Ref.
32) as well as their E/H ratio, over the different zones with varying
degree of amorphization (Fig. 1). Observation of the splitting nanoin-
dentation response curves for two representative zones (lower and
higher E/H, respectively) (Fig. 2) shows the reproducible increase in
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FIG. 2. Selected load on sample vs displacement into surface nanoindentation split-
ting curves of two representative zones at X distances (see Fig. 1) of ~7.3 um (red
circles, lower E/H and lower amorphous fraction) and ~25.1 um (green squares,
higher E/H and higher amorphous fraction).
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the critical splitting load (P) as a function of the increment of E/H value
with a direct correlation to increased toughness independently from the
subsequent calculation of the y coefficient (see Table S5). The compari-
son with the evolution of the elastic modulus (from Ref. 32) taken as a
measure for the degree of crystallinity, as E is directly related to inter-
atomic bonding, indicates an increase in K with increasing amorphiza-
tion. An approximation of the amorphous fraction (f;) of the measured
zones can be made by comparing the average E value of the zone of
interest (Fig. 1) with the E, evolution of the crystalline-to-amorphous
transition in zircon obtained by mechanical modeling (see Ref. 23). This
provides a range of ~45%-80% * 5% amorphous fraction for the inves-
tigated zones. The highest degree of crystallinity and the most amor-
phous zone investigated in this study show K¢ values of ~2.39 = 0.08
and ~3.15 = 0.2 MPa*m'", respectively (Fig. 1). For comparison, a frac-
ture toughness of ~1.7 MPa*m"”* for an undamaged zircon ceramic has
been reported in literature."® Cracks have not been observed in or enter-
ing zones with E values < 183 GPa,”” corresponding to ~65% f,”” and a
fracture toughness of ~3.11 = 0.11 MPa*m",

As mentioned earlier, Chakoumakos et al.”’ reported (but did
not measure) an increased fracture toughness of increasingly disor-
dered zones. The microstructure of each zone can be assumed to com-
prise percolating crystalline and amorphous areas (as the first
percolation point has already been exceeded for all investigated
zones).'” ** While the zones with the highest degree of amorphization
are close to or have exceed the second percolation point (model depen-
dent), where the crystalline parts cease to percolate and an amorphous
matrix, surrounding isles of crystallinity, is established. Studies of Cm-
or Pu-doped titanate phases also revealed an increase in fracture
toughness with increasing radiation damage before the fully amor-
phous state is reached.”” " This behavior was attributed to internal
strains induced by the composite nature of the structure.">” Internal
stresses have been reported as a possible mechanism of toughening.’
In the case of the present work, relief of the cumulative contributions
of Type II and Type III stresses™ is ensured within the probing pillar
volume due to the specific testing geometry.”””’ Nevertheless, while
these intertwined contributions are removed, the observed increase in
toughness with increasing radiation damage (dose) might still be
attributed to separate effects of internal strains associated with the
defect enrichment of the preserved crystalline fraction and the overall
increase in amorphized fraction (both cause swelling™®) in the specific
zones. The earlier described complex microstructure of radiation-
damaged zircon is also influenced by the interfaces between the defect
enriched crystalline domains and damaged amorphous regions.””*’
While the latter is formed by overlapping recoil cascades, which con-
sist of a densified outer layer populated by SiO, polymers and an
atomically depleted core (e.g., Refs. 54 and 55), therefore, one can
assume the increase in stress, caused by increasing disorder, to raise
the ability of the zircon structure to resist fracture, e.g., via crack-
deflection mechanisms, i.e., a reduction in brittleness. Weak interfaces
and other microstructural heterogeneities, influencing the overall elas-
tic field, are reported to be able to deflect cracks, while second phases
have found to allow for pinning and bowing of cracks.”" It should be
mentioned that Ref. 56 revealed by atomistic simulations, a brittle-to-
ductile transition in quartz due to neutron-irradiation. They assumed
that applying a load to the irradiated structure leads to dissipation of
the accumulated energy by local self-organization, which induces
plasticity.
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In summary, a zoned zircon with a natural multilayered structure
has been used to obtain insight into materials that comprise distinct
regions with different degrees of brittleness, e.g., nuclear waste forms,
and irradiated and further (partially) disordered phases. Precise frac-
ture toughness measurements of a radiation-damaged zoned zircon,
using the nanoindentation micro-pillar splitting technique, confirm
[in the range of ~45%-80% f,, corresponding to a dose range of
~0.18-0.29 displacements per atom (after Ref. 7)] the assumption of
Chakoumakos et al””” of an increased K with increased f, (from
~2.39 10 3.15 MPa"m"* ~ 31.8%). This is in good agreement with the
fracture behavior of other radiation-damaged phases (see above).
These results also are consistent with chemically induced structural
distortions and disorder that also can increase the fracture toughness
of ceramics.”” The self-irradiated zones, which display a decrease in
brittleness (for the investigated f, range) of zircon, provide a useful
model for the development of multilayer coatings (e.g., superlattice
films) and complex ceramics that are used in high radiation fields (e.g.,
designed for space applications). As zoned zircon represents a multi-
layered composite material with internal variations of comprised
crystalline and amorphous fractions, one can draw a connection to
glass-ceramics, where ZrO, is a common nucleation agent.”**” A suffi-
cient way of synthesizing actinide-doped zircon has been proposed by,
e.g., Ref. 60 using metallic zirconium, while a zircon ceramic can be
prepared from pressed and fired ZrO, and SiO,.”'

See the supplementary material for details of the nanoindentation
pillar-splitting experiments.
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