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ABSTRACT

When exposed to high-energy radiations, the silicate aggregates used in concrete can exhibit
some swelling. This, in turn, can result in some internal stress, which can lead to micro-cracks or
de-bonding along the cement-aggregate interface. However, there is presently some uncertainty
regarding the long-term effect of such high-energy irradiation on aggregates and the associated
risk of cracking and failure. Here, based on atomistic simulations, we investigate the effect of
neutron irradiation on eight silicate minerals belonging to three different mineralogical families.
We demonstrate that the irradiation-induced alterations do not depend on the silicate family but
rather on the inherent structure and composition of each mineral. Interestingly, we show that
vitrification can be used as a surrogate to assess the upper limit of irradiation-induced swelling.
Further, we observe that this swelling potentially leads to high internal stresses, which can result
in the initiation and propagation of cracks. These findings can guide the selection of optimal
aggregate minerals for which the risk of concrete failure upon irradiation is minimized.
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INTRODUCTION

Silicate minerals form approximately 90% of the Earth’s crust [1]. Due to their abundance, these
minerals are widely used in applications involving exposure to nuclear radiation, such as the
aggregates for nuclear power plants concrete [2-4] and for the immobilization of low-level
nuclear waste [5,6]. In structural concrete used for biological shields [7]. aggregate minerals
constitute approximately 70% (by volume) and form a major component of the load-bearing
structure. As such, developing a fundamental understanding of the effect of irradiation on the
mechanical properties of silicate minerals is essential to predict and improve the service life of
concrete structures.

When exposed to radiations, silicate minerals can undergo some atomic scale disordering, which
can ultimately lead to the amorphization of their structure—a mechanism that is also known as
metamictization [8,9]. Metamictization, in many cases, is associated with a volumetric expansion


mailto:krishnan@iitd.ac.in
mailto:bauchy@ucla.edu)

of the mineral, which is found to be as high as 18% in quartz [10]. In addition, metamictization
causes changes in the mechanical properties as well, such as the elastic modulus and strength of
these mineral [11]. It has been observed that various silicate minerals can exhibit distinct
behavior upon irradiation depending on their specific structure and composition [2-4]. The
differential volumetric expansions of these minerals under confined conditions (e.g., in concrete),
can impose some severe stress on the surrounding matrix, which can ultimately lead to the
formation of micro-cracks or macroscopic fracture [4,7,12]. While extensive studies have been
conducted on some archetypical silicate minerals such as quartz [10,11,13-15] and zircon [8,16-
19], the effect of irradiation on the mechanical properties of more complex silicate minerals
remains largely unknown [2-4,20]. As such, this gap in the understanding of the effects of
irradiation on aggregate minerals raises serious concerns regarding the integrity of concrete in
nuclear environments.

Based on the connectivity of the silicate groups within the atomic network, silicate minerals can
be classified into different groups, such as nesosilicates, inosilicates, phyllosilicates, and
tectosilicates, among others [1]. Most experimental studies on irradiation have focused on the
critical amorphization dosage and the resulting dimensional change of aggregate-forming silicate
minerals [2,21,22]. However, these studies do not provide a comprehensive mechanistic
understanding of irradiation-induced degradation and its effect on the engineering properties of
silicate aggregates. Further, the analysis of these experimental results is complicated by the
following issues. (i) Mineral samples can contain impurities, which can affect the experimental
observations. (ii) Assessing the upper limit of irradiation-induced damage—i.e., after complete
metamictization—requires long durations of controlled exposure to radiation. In many cases, it
is challenging to ensure that the material has indeed reached its saturated state. (iii) Upon
irradiation, mineral samples can exhibit micro-cracks or fracture [3,21], thereby leading to an
overestimation of their swelling. (iv) Experiments are highly sensitive to ambient conditions such
as temperature [14] and boundary conditions, which renders difficult a meaningful comparison
between different experimental results. All these factors make it extremely challenging to do a
systematic study on the effect of radiation on silicate minerals belonging to different families.

Molecular dynamics (MD) simulations provide an alternate route to study radiation damage in
minerals [18,23-26]. When properly conducted and validated, MD simulations are extremely
useful as they provide a direct access to the details of the dynamics of the atoms in irradiated
minerals, which are usually invisible to conventional experiments. This can yield an improved
understanding of the fundamental mechanisms governing irradiation-induced disordering in
minerals. Herein, we systematically analyze the irradiation-induced structural disordering and
swelling in eight silicate minerals—almandine, diopside, enstatite, jadeite, albite, anorthite,
nepheline, and quartz—belonging to different groups. In each case, structural data are used to
elucidate the mechanism of irradiation-induced swelling, if any, which is then compared to that
induced upon vitrification. Finally, we use the outcomes of the MD simulations to assess the
magnitude of the stress developed in minerals upon irradiation to estimate the risk of cracking.

METHODOLOGY



(i) Crystal simulation:

Eight different silicate minerals, belonging to three different mineralogical families—nesosilicate,
inosilicate, and tectosilicate [1]—are chosen for the present study. These minerals include
almandine (nesosilicate, garnet group), diopside, enstatite, jadeite (single-chain inosilicates,
pyroxene group), albite (tectosilicate, feldspar group, plagioclase and alkali-feldspar end-
member), anorthite (tectosilicate, feldspar group, plagioclase end-member), nepheline
(tectosilicate, feldspathoid group), and quartz (tectosilicate). The structures of these minerals are
explained below. Each of these minerals is initially relaxed in the isothermal-isobaric ensemble
(NPT) at 300 K and zero pressure for 100 ps. This ensures that the crystalline structure is in
equilibrium and free of any initial stress. The simulation is continued for another 20 ps to obtain
the average structural and thermodynamic properties of the equilibrium structure.

a. Nesosilicates: almandine (FesAl,Siz015)

Nesosilicate minerals consist of isolated silicate tetrahedra [SiO4]* that are connected by
interstitial cations to form a three-dimensional structure [27]. Garnet and zircon groups form
some of the major sub-categories of the nesosilicates—extensive studies on the effect of
radiation on zircon can be found in the literature [8,16-19,28]. Here, we focus on the mineral,
almandine (Fe;Al,Si;01,). Almandine has a cubic crystal structure with Si and Al atoms in
tetrahedral and octahedral coordination states, respectively [27]. The mineral represents the
ferrous end-member of the garnet series with the Fe atoms exhibiting a nominal charge of 2+.
Almandine is a dense mineral with a mass density close to 4.2 g/cm?.

b. Inosilicates: diopside (MgCaSi,Oy), enstatite (MgSiO;), and jadeite (NaAlSi,Og)
Inosilicate minerals consist of silicate tetrahedra that are connected to form a chain-like structure
[29-31]. Both single- and double-chained structures are found in inosilicates. Pyroxenes (single-
chain) and amphiboles (double-chain) represent the major sub-categories of inosilicates. Here,
we consider three minerals belonging to the pyroxene group—jadeite (NaAlSi,O¢), enstatite
(MgSiO3), and diopside (MgCaSi,O).

Diopside is a pyroxene with a monoclinic crystal structure [30]. O atoms exist as both bridging
oxygen (BO), i.e., forming Si-O-Si connections between the SiO, tetrahedra, and non-bridging
oxygen (NBO) atoms that are charge-balanced by Mg and Ca cations. Enstatite is the magnesium
end-member of the enstatite-ferrosilite series [29]. Enstatite exhibits an orthorhombic crystal
structure comprising some BO and NBOs atoms, charge-balanced by Mg cations in the latter case.
Jadeite is an aluminosilicate mineral exhibiting a monoclinic crystal structure, with Na atoms
acting as charge-balancing cations [31]. The Al atoms present in jadeite show an octahedral
coordination state, forming six bonds with the surrounding O atoms, whereas Si atoms show a
tetrahedral environment. Note that all the minerals considered here for this family exhibit high
densities, namely, 3.02 g/cm? for enstatite, 3.10 g/cm? for jadeite, and 3.20 g/cm? for diopside.

c. Tectosilicates: albite (NaAlSi;Og), anorthite (CaAl,Si,Og), nepheline (NaAlSiO,), and quartz
(SiOy)

Tectosilicate minerals form nearly three-fourths of the minerals in the Earth’s crust [1]. These

minerals are aluminosilicates—with the exception of the quartz group—and are characterized by



a three-dimensional silicate network made of Si tetrahedra. Here, we analyze the irradiation
response of four tectosilicate minerals—albite (NaAlSi;Og), anorthite (CaAl,Si,Og), nepheline
(NaAlSiO,), and quartz (SiO,).

Albite is the sodium end-member of the plagioclase feldspar [32,33]. It exhibits a triclinic crystal
structure made of tetrahedral four-fold coordinated Si and Al atoms. Na atoms act as the charge-
compensating cation to balance the charge of the AlO, units and all the O atoms exist as BOs.
Anorthite is the calcium end-member of the plagioclase feldspar [34]. This mineral, similarly to
albite, exhibits a triclinic structure made of four-fold Si and Al tetrahedra. Ca atoms act as charge-
compensating cations for the AlO,4 units and all the O atoms exist as BOs. Nepheline belongs to
the feldspathoid family and shows a hexagonal crystal structure [35]. Similarly, to the other
tectosilicates, Si and Al atoms are found in a tetrahedral state and all O atoms form BOs. Finally,
quartz is an archetypical silicate mineral with a three-dimensional network formed of
interconnected Si tetrahedra [36]. Quartz exhibits different polymorphs depending on the
temperature and pressure conditions. Here, we consider a-quartz, which shows a trigonal crystal
structure.

(ii) Neutron-irradiation simulation:

MD simulations of irradiation-induced damage in minerals are here carried out using the open-
source LAMMPS [37] package, following a well-established methodology, as described in the
following [13,18,38-43]. First, a randomly chosen atom is accelerated with a kinetic energy
equivalent to that of the targeted incident neutron—fixed at 600 eV here. Weighted probabilities
based on the neutron cross-sections of the respective elements (see Table 1) are considered
while choosing the incident atom. The accelerated atom then collides with other atoms, thereby
resulting in a ballistic cascade. Subsequently, once the incident atom comes to rest, a spherical
region of radius 10 A is created around the impacted zone with the incident atom as the center,
outside which the atoms are kept at a constant temperature of 300 K by a Berendsen thermostat
[44]. Note that “rest” here corresponds to a situation wherein the total displacement of the
incident atom is less than 1 A during 1 ps of dynamics. In contrast, the dynamics of the atoms
inside the sphere is treated in the microcanonical (NVE) ensemble to avoid any spurious effects
of the thermostat. A variable timestep is used during the ballistic cascade to avoid potential
numerical errors associated with excessive collisions and overlapping of atoms. Otherwise, fixed
timesteps of 0.5 fs and 1 fs are used for ReaxFF [45] and Teter [46] potential, respectively. The
dynamics of the cascade is simulated for 15 ps, which is found to be long enough to ensure the
convergence of both temperature and energy. Finally, after each collision, the system is further
relaxed in the NPT ensemble at 300 K and zero pressure for another 5 ps. This enables the system
to adjust its density upon irradiation. This process is then repeated in an iterative fashion, with
different knock-on atoms, until the system exhibits a saturation in terms of both enthalpy and
density. It is worth noting that, in real conditions, different modes of amorphization are observed
in minerals subjected to irradiation, e.g., accumulation of point defects,[47] interface-controlled
amorphization,[48] multiple cascade overlaps,[49] in-cascade amorphization,[50] or direct
impact damage.[26] In most cases, amorphization occurs through a combination of these
processes.[25,41,48] However, the final irradiated state after the saturation of defects has been
found to be identical irrespective of the mechanisms of amorphization.[25,41,43]



Due to the substantial size of the region that is affected during each ballistic cascade, large
systems are required to avoid spurious self-interactions that may arise from the periodic
boundary conditions. Herein, the system size is determined by repeatedly knocking each atom of
the primitive cell, with the target radiation energy in random directions. The maximum distances
traveled by each of the impacted atoms are then recorded. Eventually, the size of the system is
chosen to be at least twice as large as the maximum distance among all the recorded ones. The
system sizes used herein for each of the minerals are given in the Table 3.

To offer realistic results, MD simulations require the use of accurate inter-atomic potentials. In
the case of irradiation simulations, the inter-atomic potential must correctly describe both the
pristine and disordered structures with a fixed set of parameters. Although using a single
“universal” potential would be an ideal option, such a potential is presently unavailable. Rather,
each potential is specifically parameterized to optimally predict the properties of a family of
materials. Here, we select the best available potential for each family of minerals, based on its
ability to predict a realistic density, structure, and stiffness tensor both for the pristine mineral
and its glassy counterpart. For quartz, we use the ReaxFF potential, with parameters taken from
Manzano et al. [51], as this potential can predict a realistic structure for quartz and glassy silica
with a constant set of parameters [52]. For the other silicate minerals, a Buckingham potential
parameterized by Teter [52,53] is used. The Buckingham potential is given by:

Ujj=Aje ~TulPy - Cij/T5 Equation (1)

where Uj; is the interaction energy of atoms i and j, A;;, p;, and C;; are the fitting parameters,
and Tij is the pair-wise interatomic separation. According to the parametrization of this potential,
the O atoms are assigned a partial charge of -1.2e, while the partial charge of the other atoms is
determined to ensure the charge neutrality of their respective oxides (see Table 2). The
parameters of the Teter potential are given in Table 2 [46]. This potential has been extensively
studied and has been shown to predict realistic structures for a wide range of silicate glasses
[40,54-57]. To ensure realistic short-range repulsive interactions during the ballistic cascades,
the potential was splined with a Ziegler-Biersack-Littmark (ZBL) screened nuclear repulsion
potential [58].

Table 1: Neutron cross-sections of the elements present in the aggregate minerals
considered herein.

Element Name Neutron cross-section (barns)
Aluminum (Al) 1.35
Silicon (Si) 2.00
Sodium (Na) 3.15
Oxygen (0) 3.83
Calcium (Ca) 2.55
Magnesium (Mg) 3.91
Iron (Fe) 9.97




Table 2: Teter potential parameters for X-0 interactions, where X = Si, Ca, Al, Mg, Na, Fe, O.
Element Partial A (eV) p (A) C (eV/A9)
charge (e)
Si 2.4 13702.910 0.194 54.681
Ca 1.2 7747.183 0.253 93.109
Al 1.8 12201.420 0.196 31.997
Mg 1.2 7063.491 0.211 19.210
Na 0.6 4383.756 0.244 30.700
Fe 1.2 19952.000 0.183 4.658
0] -1.2 2029.220 0.344 192.580
Table 3: System size of the pristine minerals considered herein in terms of the number of
atoms in the supercell. The replication of the unit cell in each of the principal directions to
obtain the supercell are given in parenthesis.
Number of atoms (size of supercell size
Mineral with respect to unit cell)
Albite 9984 (6x4x8)
Almandine 10240 (4x4x4)
Anorthite 8320 (5x4x4)
Diopside 7000 (5x5x7)
Enstatite 9600 (3x5x8)
Jadeite 9000 (5x5x9)
Nepheline 8400 (5x5x6)
Quartz 8100 (10x10x9)

(iii)  Glass preparation:
In order to compare the structure of the irradiated minerals to that of their isochemical glassy
counterparts (i.e., a glass having the same composition as the crystal), glasses are prepared
following the conventional “melt-quench” method, as described in the following.[59] First, an
initial configuration is generated by randomly placing atoms in a cubic box. Care is taken to
maintain charge neutrality and ensure the absence of any unrealistic overlap. The system is then
melted at 4500 K at zero pressure for 1 ns in the NPT ensemble. This ensures the loss of memory
of the initial configuration and leads to an equilibrium liquid state, i.e., that of a silicate melt.
After equilibration, the melt is cooled from 4500 K to 300 K with a cooling rate of 1 K/ps in the
NPT ensemble at zero pressure. The final glass structure formed is further equilibrated at 300 K
and zero pressure for 1 ns in the NPT ensemble to ensure the complete relaxation of the
structure. Although the cooling rate used herein for the preparation of the glass is significantly
higher than that typically achieved experimentally, previous studies on silica glass have revealed
that the structure of simulated glasses only weakly depends on the cooling rate.[55,60,61] These
glassy structures are also used to establish the ability of the interatomic potentials selected
herein to properly simulate disordered structures. To ensure a meaningful comparison with the



irradiated mineral, we use here the same potential, timestep, and system size than in the case of
the irradiated minerals (see above).

RESULTS

1) Validation of the potential

First, we establish the ability of the interatomic potentials used herein to predict realistic
structures for both the pristine and disordered configurations for the selected silicate minerals.
Upon initial relaxation, we observe that the atomic structure of all the crystals considered herein
remains stable, that is, with no variations in the symmetry, coordination numbers, or box shape.
Further, we compare the simulated densities of the pristine minerals and their corresponding
isochemical glasses with available experimental data [27,29-32,34,35,62,63]. As shown Fig. 1, we
observe that the simulated densities of both crystalline and glassy systems exhibit an excellent
match with the experimental data (see also Table 4) [27,29-32,34,35,62,63]. This confirms that
the interatomic potentials used here are able to accurately predict the density of both the
ordered crystal and disordered glass structure, that is, to properly capture the effect of the
atomic order on density. This is expected to be key to reliably predict the effect of irradiation on
density.
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2) Effect of irradiation on structure and density
In the following, we assess the structural effect of irradiation on the silicate minerals considered
herein. These minerals are classified based on their mineralogical family as nesosilicate,
inosilicate, and tectosilicate [1]. The structures of the crystals and glasses are analyzed by
computing the pair distribution function (PDF), g(r), which characterizes the extent to which the
local atomic density at a given distance r from a central atom differs from the average



density.[64] That is, g(r) > 1 indicates a local excess of neighboring atoms at a given distance r,
g(r) < 1 indicates a local deficit of atoms at this distance, and g(r) = 1 indicates that the local
density of atom equals the average density (which is achieved when the structure is fully
disordered). Note that experimental results on irradiation-induced swelling are scarce for many
silicate minerals. Further, as mentioned earlier, it is not clear whether these experiments were:
(i) conducted while ensuring that the samples do not develop microcracks and (ii) continued until
saturation, wherein the final observed swelling indeed corresponds to that of the upper limit.
These factors make the direct comparison of the simulation results with experiments difficult.
Nevertheless, we compare the outcomes of the simulations with experimental results whenever
available.

(i) Nesosilicates: almandine (Fe3Al,Si;045)

First, we focus on the effect of irradiation on almandine (Fe;Al,Si;04,). Note that there are no
prior experimental or simulation studies on the effect of irradiation on almandine. Figure 2 shows
the evolution of density in almandine upon irradiation. We note that almandine exhibits a
significant decrease in density upon irradiation—with the final density being close to 3.4 g/cm?.
To study the origin of the swelling, Fig. 2(b) shows the PDFs of the mineral, before and after
irradiation (after saturation). First, we observe that, before irradiation, the crystal exhibits some
long-range order, which manifests itself by the presence of peaks within the PDF at long distance.
In contrast, the irradiated mineral exhibits a nearly complete disordering at the medium-range
order (> 3 A), with the PDF resembling that of a liquid/glassy state [41]. Second, we note that the
peak corresponding to the Fe-0 around 2.6 A and second neighbor interactions around 2.6 A are
completely absent from the PDF of the irradiated mineral. A closer analysis of the atomic
structure reveals that the coordination of Fe atoms is significantly reduced from their eight-
coordinated state to an average coordination number of 5. As such, the average Fe-O bond
length is reduced to around 2 A. Similarly, the coordination state of Al atom is reduced from six
to four upon irradiation. Note that, although six-fold coordinated Al atoms can be found in
aluminosilicate glasses, the preferred coordination state for Al atom is typically four [65,66]. The
significant swelling observed in almandine is, therefore, mainly driven by the reduction of the
coordination number of Al and Fe atoms upon irradiation—as these atoms are more efficiently
packed in their six-fold or eight-fold coordinated states, respectively, than in their four-fold or
five-fold coordinated ones, respectively.
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Figure 2: (a) Evolution of the density in almandine as a function of the deposited energy. (b)
Pair distribution functions of pristine and irradiated almandine.

(ii) Inosilicates: diopside (MgCaSi,Oy), enstatite (MgSiO3), and jadeite (NaAlSi,Og)

We now analyze the effect of irradiation on three minerals belonging to the pyroxene group—
jadeite (NaAlSi,Oy), enstatite (MgSiO;), and diopside (MgCaSi,O). Figure 3 shows the evolution
of the density of jadeite, enstatite, and diopside with respect to the deposited energy. First, we
note that all three minerals exhibit a significant decrease in density upon irradiation. While the
density evolution in enstatite and diopside exhibit a similar trend, jadeite shows a notably
different trend with a larger amount of swelling (see Fig. 3). Previous experiments suggest that
neutron-irradiated diopside and enstatite show a relative decrease in density in the range of -2%
to-3.5% [21]. These values are lower than those predicted by simulations (see Table 4). Note that
the present reference is translated from Russian and it is not confirmed whether the simulation
was continued up to saturation, which suggests that the experimental values might
underestimate the extent of irradiation-induced swelling. Note that, in turn, the extent of
swelling predicted by the simulations is in agreement with that observed upon vitrification (see
below).

To investigate the origin of this contrasting behavior within the same family of minerals, we plot
in Figs. 4(a)-(c) the PDFs of the mineral systems, before and after irradiation. First, we observe
that, as in the case of almandine, the peaks at distance greater than 3 A present in the PDFs of
the pristine crystals are completely flattened upon irradiation for the three minerals. This
confirms that the minerals undergo some significant disordering in the medium-range, ultimately
leading to a liquid-like structure. Next, we note that, in the case of enstatite and diopside, the
peaks of the PDFs in the short-range order (< 3 A) remain largely unaffected by irradiation (see
Figs. 4(b) and 4(c)). This confirms that the short-range order is barely affected by the exposure to
radiations, both for enstatite and diopside. In contrast, in the case of jadeite, the peaks in the
short-range exhibit a notable difference before and after irradiation (see Fig. 4(a)). A closer look
at the atomic structure reveals that all Al atoms undergo a decrease in their coordination number



upon irradiation, from six- to four-fold, as observed in the case of almandine. This six- to four-
fold conversion of Al atoms, therefore, explains why jadeite swells significantly more than
enstatite and diopside when exposed to radiations. In the case of enstatite and diopside, we
observe that the decrease in density is primarily caused by the disordering of the silicate
tetrahedra, which leads to a glassy structure. Overall, we observe that, even though belonging to
the same family, the response of inosilicate minerals to irradiation largely depends on the details
of their crystalline structure.
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(iii) Tectosilicates: albite (NaAlSi;Og), anorthite (CaAl,Si,Og), nepheline (NaAlSiO.), and quartz
(Si0y)
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Finally, we analyze the irradiation response of four tectosilicate minerals—albite (NaAlSizOg),
anorthite (CaAl,Si,Og), nepheline (NaAlSiO,4), and quartz (SiO,). Figure 5 shows the evolution of
the densities of the tectosilicate minerals with respect to the deposited energy. Interestingly, we
observe that each of the minerals considered herein exhibits a significantly different behavior
upon irradiation. Albite exhibits a swelling response that is similar to what was observed in the
other silicate minerals. On the contrary, anorthite exhibits a slight densification upon irradiation.
This is in contradiction with post-neutron-irradiation X-ray diffraction analysis [22] but
qualitatively aligned with post-electron-irradiation diffraction pattern analysis [67]. Nepheline
barely shows any change in density, even after prolonged exposure to irradiation. This
observation is in agreement with neutron-irradiation experiments, which suggest a 0.5%-1%
decrease in the density of nepheline [21]. Quartz exhibits a large extent of swelling. Notably, the
saturation of the density occurs at significantly higher deposited energy for quartz than for any
one of the silicate minerals considered herein. Note that the final volumetric swelling of 18%,
observed in quartz, matches well with experimental data [10,14,41,42].

As in the case of the previously described minerals, the analysis of the PDFs of the pristine and
irradiated minerals confirms that, upon irradiation, all the tectosilicate minerals undergo some
significant disordering in the medium-range order, eventually forming a liquid-like structure (see
Figs. 6(a)-(d)) [41,43]. Moreover, some defects in short-range order, such as miscoordinated Si
and O atoms, deformed bond angles, and edge-sharing tetrahedra, are also observed for a few
atoms [40,42]. It is interesting to note that all the minerals exhibit a different behavior in spite of
belonging to the same tectosilicate family. The structural origin of these differences can be
explained by comparing the ordered (crystal) vs. disordered (glassy/liquid) structures of these
minerals [41]. A detailed discussion on these effects with respect to the density and elastic
properties, for all the minerals considered herein, is carried out in the next section. Overall, the
study confirms that the radiation-induced swelling does not depend on the family of silicates, but
rather on the inherent structure and topology.
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Figure 6. Pair distribution functions of pristine and irradiated (a) albite, (b) anorthite, (c) quartz,
and (d) nepheline.

3) Effect of irradiation on stiffness

Finally, we focus on the effect of irradiation on stiffness. The complete 6 X 6 elastic tensor
matrices are computed for each of the minerals before and after irradiation using MD simulations
(see Supplementary Material). Since the minerals exist mostly as polycrystalline aggregates, we
used the Voigt-Reuss-Hill [68] scheme to obtain the average elastic modulus. Details are provided
in the Supplementary Material. We observe that, in all cases, the irradiated minerals eventually
show an isotropic stiffness tensor. Such isotropy in the elasticity is similar to what is typically
observed in glasses, which are considered to be archetypical isotropic materials.

The outcomes of the MD simulations—both density and elastic modulus—are compiled in Table
4 and compared to available experimental data. Note that experimental data on the evolution of
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the elastic modulus upon irradiation are scarce in the literature. To the best of our knowledge,
the only detailed study on the effect of irradiation on the elastic modulus of silicates was carried
out by Mayer et al. for quartz [11]. Figure 7 shows the relative variations (in percentage) of the
components of the elastic tensor of a-quartz when subjected to irradiation. We observe an

excellent match between simulation and experimental data [11].

of the minerals are given in parenthesis.

Table 4: Density and elastic modulus of pristine and irradiated minerals. Experimental values

Density, p (g/cm?)

Elastic modulus, E (GPa)

Mineral Composition Initial Final Initial Final

111.20

. . 2.61 2.45 (2.46

Albite NaAlISi;Og (104.32 91.02

(2.62[32]) [21,22,69]) [33,70])

. . 4.20

Almandine | Fe;Al,Siz0, (4.30 [27]) 3.42 179.79 104.54

273 113.01
Anorthite CaAl,Si,Og 2 7(,') (34)) 2.81 (116.73 107.62

] [70,71])

.. . 3.21 2.85 (3.09 176.85
Diopside MgCaSi20 (3.27 [30]) [21,22,69]) | (167.6[72]) 9611

142.57

. . 3.04 2.79 (2.98
Enstatite MgSiO; (3.20 [29)) [21.22.69]) (186.11 106.14
[73])

. . 3.26 200.73
Jadeite NaAlISi,O4 (3.34 [31]) 2.65 (212.8 [74]) 86.374
Nepheline NaAlISiO4 2 52%4[25]) 2.49 74.61 83.49
Quartz sio 2.66 2.19 104.77 125.97

2 (2.64 [36]) (2.20[10]) (96.58 [75]) | (118.06[11])
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irradiation. The results from the MD simulations are compared with the experimental results of
Mayer et al.[11]

DISCUSSION

From the results above, it is clear that, upon irradiation, all the silicate minerals undergo
significant structural disordering, ultimately leading to a liquid-like structure at saturation
[41,42]. In all cases, the final irradiated structures are found to be isotropic, that is, featuring
uniform elastic properties in all directions. In that sense, irradiated minerals share many features
with glasses, i.e., the state of matter achieved by quenching a melt fast enough to avoid
crystallization [76]. Note that, despite these similarities, select features of the atomic structure
of glasses and irradiated minerals may differ. For instance, a detailed comparison of irradiation-
vs. vitrification-induced disordering of quartz can be found in earlier studies [13,41,42]. Those
studies reveal that, although irradiation results in a more disordered short- and medium-range
order than vitrification, irradiation and vitrification yield a fairly similar level of swelling. If so,
vitrification could be used as a surrogate to predict the irradiation-induced swelling. Note that
detailed literature data on the irradiation-induced swelling of rock-forming minerals, including
the experimental conditions, can be found elsewhere [77]. We now test the generality of these
results to the silicate minerals considered herein.

Figure 8 shows the computed relative variation in the density of the silicate minerals upon
irradiation and vitrification. experimental conditions Overall, we observe a close match between
the effect of irradiation and vitrification on density, both in terms of trend (namely, the minerals
that densify upon irradiation also densify upon vitrification) and quantitative values (see Fig. 8).
However, we observe that, in most cases, irradiation-induced swelling is slightly less pronounced
than vitrification-induced swelling. This can be explained as follows. Upon irradiation, the ballistic
impacts result in the formation of localized melting within the mineral. The melted regions are
then quickly quenched due to the dissipation of heat through the rest of the bulk. The fast energy
dissipation (quenching) effectively prevents the recrystallization of the mineral. In that regard,
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irradiation appears to be largely similar to vitrification. However, a major difference is that the
localized melting arising from irradiation always occurs in confined conditions, that is, the melted
domain is never fully free to expand due to the surrounding bulk material. Note that, eventually,
irradiation minerals can still expand to the accumulation of damaged regions, but each individual
melting event always occurs in confined conditions. In contrasts, glasses undergo a full
simultaneous melting of their bulk and, therefore, do not experience any confinement. In other
words, the fact that irradiation-induced swelling is slightly lower than that observed upon
vitrification likely arises from the formation of some internal compressive stress due to the
confinement of the irradiated regions. Nevertheless, these results confirm that the density of
glasses can be reliably used to predict the upper limit of irradiation-induced swelling in silicate
minerals.
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Figure 8. Relative variation in the density of the silicate minerals considered herein upon
irradiation and vitrification.

Finally, we assess the effect of variation in stiffness on the level of stress that is induced by
irradiation in confined environment. Indeed, minerals are typically confined when exposed to
radiations (for instance, in the case of concrete aggregates), which prevents their free expansion
and can result in the formation of stress upon irradiation. In general, the extent of the size
mismatch among different phases (i.e., due to the swelling or shrinkage of the minerals) will
largely determine the risk of fracture—as the resulting stress can induce cracking if it exceeds the
strength of grain boundaries, interfaces, or bulk crystal. However, the level of stress induced by
irradiation also depends on the stiffness of each phase, which is also impacted by irradiation. In
the following, we assess the significance on the variation in stiffness on the level of stress induced
by irradiation in order to determine whether it is necessary or not to account for this such effect
when predicting the risk of cracking upon the irradiation of a matrix.
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To address this, we compute the average stress, g, that develops in confined conditions in a
mono-mineral polycrystalline aggregate upon irradiation by using the computed bulk modulus,
K, and volumetric expansion, AV. The AV term was computed following [10]:

Ap 1 .
o= VoAG, Equation (3)

1. AV .
o= §1{(V—p) Equation (4)

where the subscripts p and i refer to the pristine and irradiated structures, respectively, and Ap

= pp — pi is the change in density between the pristine and irradiated states of the mineral. To
account for the variation in the bulk modulus upon irradiation while estimating the induced
stress, we independently compute the stress developed upon irradiation by using both the bulk
moduli of the pristine and irradiated minerals (see Figure 9). We observe that, in general, the
extent of swelling largely controls the magnitude of the internal stress that develops—that is,
low swelling results in low internal stress, whereas high swelling results in high internal stress.
However, the variation in stiffness upon irradiation is found to play a significant role. For
example, in the case of quartz, the stiffening that is observed upon irradiation yields a significant
increase in the resulting stress (i.e., as compared to the level of stress that would be generated
if stiffness was constant). This is in contrast to jadeite or almandine, wherein, due to the softening
observed upon irradiation, the resulting stress is almost reduced by half (from ~10 to ~5 GPa).
Note that these stresses are three orders of magnitude higher than the typical strength of cement
hydrates [78]. Note that the stress values are calculated here based on the elastic modulus of the
mineral itself and not that of the surrounding matrix. As such, the exact numerical value of the
magnitude of the stress induced in the surrounding matrix could vary significantly depending on
the elastic properties of the matrix. However, the trend presented herein with respect to
different aggregate minerals would still be retained as the stress magnitude is directly
proportional to the extent of volumetric swelling. Altogether, these results demonstrate that the
internal stress developed in aggregate minerals upon irradiation depend on both the variation in
density and stiffness. In turn, these variations in density and stiffness can be well approximated
by the variation that is achieved upon vitrification (see Figure 8), that is, the relative difference
between the properties of a mineral and of the isochemical glass. Overall, this suggests that
glasses can be used as surrogates to reliably estimate the effect of irradiation on minerals’
swelling and on the resulting stress generated in confined conditions.
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CONCLUSIONS

In summary, we analyzed the irradiation-induced swelling in eight silicate minerals belonging to
three different families. The swelling behavior in minerals was found to be independent of the
mineralogical family but strongly controlled by crystal structure and topology—in general, the
more polymerized a mineral is, the more swelling it exhibits. Considering a wide range of silicate
minerals, we demonstrated that isochemical glasses can provide a reasonable estimate of the
upper limit of swelling upon metamictization, although the structural features such as PDFs, local
coordination, and ring distribution might differ. Further, we assessed the effect of irradiation on
the elastic properties of the irradiated silicates. The elastic moduli of the minerals were found to
become isotropic upon irradiation, as observed in the case of glasses. Based on our simulations,
we estimated the level of stress resulting from the swelling of minerals in confined conditions. It
was demonstrated that the variation in stiffness plays a significant role in the level of stress
induced by irradiation. This suggests that the knowledge of the effects of irradiation on both
density and stiffness is crucial to develop realistic models of irradiation-induced damage. Overall,
the study offers a detailed understanding of the structural and mechanical effect of irradiation
on aggregate minerals. Such a detailed analysis can pave the way toward an informed and
improved choice of aggregates offering improved long-term integrity for nuclear structures.
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Supplementary Material
Voigt-Reuss-Hill Average:

Elastic properties of the polycrystalline minerals can be obtained from the constitutive matrix
of the single crystals using the Voigt-Reuss-Hill'! method. In this method, first, the upper
bounds of bulk and shear moduli are provided by Voigt average, represented by Ky and Gy,
respectively. The lower bounds of bulk and shear moduli are provided by the Reuss average,
represented by K and Gy, respectively. Finally, the average bulk and shear moduli for the
polycrystalline aggregate is given by the Hill average, represented by Kygy and Gyrp,
respectively. The expressions for each of these cases are given below.

9Ky = (C11 + Cyz + C33) + 2(C12 + Co3 + C371) Equation (1)

KLR = (511 + 522 + 533) + 2(512 + 523 + $31) Equation (2)

15Gy = (C11 + Cy3 + C33) = (C12 + Cy3+ C31) + 3(Cys + Cs5 + Co)  Equation (3)
15/Ggr = 4(s11 + S99 + 533) — 4(512 + 523 + S31) + 3(s44 + 555 + 5¢6)  Equation (4)
2Kyrn = (Ky + Kp) Equation (5)

2Gyry = (Gy + Gp) Equation (5)

-1

where C;; is the elastic tensor, and s;; = C 77, is the compliance tensor.

Elastic tensors:
Elastic tensor matrices of the pristine and irradiated minerals obtained from MD simulations
are given below.

(i)  Albite:
Elastic tensor (GPa)
77.1 42.9 28.9 4.7 9.0 -3.2
41.6 188.8 29.9 -0.7 3.8 6.8
Pristine 47.2 31.6 170.1 -8.0 -32.3 -2.5
1.4 -2.6 -8.4 31.9 4.6 -2.8
-11.9 3.3 -30.4 4.8 42.8 4.4
-3.4 9.0 -3.7 -2.8 8.3 37.2
98.8 32.4 33.7 0.5 14.4 -0.2
32.3 99.8 33.6 0.6 0.0 -0.2
Irradiated 32.9 33.1 98.7 -0.5 -0.2 -0.2
0.4 -1.4 -0.7 32.0 0.3 0.0
-0.4 0.2 0.0 0.2 33.0 0.5




-0.5 -0.5 0.0 -0.1 2.0 32.6
(ii) Almandine:
Elastic tensor (GPa)
219.0 78.2 78.3 2.6 11.8 -11.8
80.4 222.9 81.0 -2.3 13.7 -9.8
Pristine 76.2 77.0 218.5 0.4 9.1 -14.6
-2.7 -0.9 -0.8 54.0 -0.5 -0.5
12.4 15.6 10.2 0.4 57.3 -8.1
-12.6 -10.4 -15.3 -0.3 -9.1 57.1
119.3 50.6 48.2 1.2 4.3 2.3
51.3 121.5 49.9 -1.3 4.4 -2.5
Irradiated 48.5 49.2 118.2 -0.7 4.2 -2.3
5.6 -2.8 -10.6 35.5 -4.1 2.2
5.7 2.6 10.9 -0.7 35.5 2.0
-5.4 -2.4 -10.3 1.5 4.1 34.9
(iii)  Anorthite:
Elastic tensor (GPa)
110.3 57.1 70.0 1.9 -9.9 -8.5
61.9 193.0 49.2 -1.2 15.8 -11.6
Pristine 66.2 49.1 169.7 4.1 -13.1 -8.9
1.8 -3.2 4.1 28.2 1.3 6.1
2.3 16.1 -13.2 1.1 38.7 3.4
-8.2 -11.1 -9.8 6.3 6.3 30.3
122.9 52.6 50.3 0.4 -10.7 2.0
51.6 124.3 52.1 2.5 -0.5 0.8
Irradiated 49.2 51.7 121.9 2.1 -1.2 1.4
0.5 1.5 2.1 35.8 -0.6 -0.9
-1.3 -1.8 -1.6 -0.7 35.8 0.1
0.4 0.8 1.7 -0.8 0.9 36.3
(iv)  Diopside:
Elastic tensor (GPa)
212.5 74.1 70.0 0.0 35.5 0.0
Pristine 68.2 175.6 73.2 0.0 12.6 0.0
65.2 73.5 275.6 0.1 10.1 0.2




0.6 1.0 0.7 74.9 -0.3 2.9
21.7 12.6 8.7 0.3 454 -0.9
0.7 -0.8 0.4 2.5 -0.1 52.5
109.2 48.5 47.3 0.6 8.4 -0.7
48.1 111.5 48.9 -1.0 0.3 -0.5
Irradiated 48.0 49.5 114.0 -1.2 -0.2 -0.1
0.7 0.2 -1.3 31.3 -0.6 -0.2
-1.3 0.0 -0.4 -0.4 30.8 0.4
-1.0 -0.7 -0.2 -0.7 -1.3 31.6
(v) Enstatite:
Elastic tensor (GPa)
178.5 48.3 32.7 0.0 1.3 0.0
45.6 105.1 32.9 0.0 0.0 -0.1
Pristine 22.4 27.0 192.8 0.2 0.0 0.0
-0.5 -0.7 -1.7 63.9 0.0 0.0
-0.4 0.2 -0.3 0.0 54.3 0.1
1.3 0.1 2.8 0.0 0.0 49.7
121.9 48.0 50.9 -0.7 -2.0 1.5
47.9 120.1 48.9 -0.6 -0.6 -0.9
Irradiated 50.7 49.5 120.8 -0.5 -1.5 -1.0
-0.6 -0.9 -0.7 35.8 -0.4 0.5
-1.8 -0.9 -1.1 -0.4 35.9 -0.9
-1.3 -1.4 -0.7 0.8 -1.6 34.6
(vi) Jadeite:
Elastic tensor (GPa)
237.0 65.2 80.1 0.0 56.2 0.0
58.8 241.4 122.3 0.0 17.2 0.0
Pristine 86.2 124.2 292.1 0.5 -17.4 0.2
0.3 0.4 0.7 91.8 0.9 19.1
34.0 17.6 -16.9 0.1 68.9 -0.1
0.9 1.1 0.8 20.9 -0.2 40.1
irradiated 96.0 33.5 33.6 -0.2 16.3 0.3
33.4 93.6 32.2 14 0.3 0.1




34.0 32.5 94.9 -0.8 0.0 0.7
0.1 0.1 -0.9 30.9 0.0 0.1
-0.6 0.1 -0.5 01| 307 -0.2
1.0 0.3 0.4 0.1 2.1 29.9
(vii)  Nepheline:
Elastic tensor (GPa)
75.1 24.8 4.3 -0.2 0.1 14.0
22.8 81.0 6.0 0.0 0.1 3.6
Pristine 4.4 6.0 126.7 0.1 0.1 -0.1
-0.2 -0.1 0.2 27.3 0.9 -04
0.1 0.2 0.2 09| 251 -0.1
-1.1 3.5 0.1 -0.3 -0.1 26.4
94.0 32.9 334 -0.7 -2.4 14.7
32.8 91.9 34.7 0.8 0.4 0.2
irradiated 33.5 34.2 91.4 -0.9 0.0 -0.2
-04 -0.6 -0.9 28.5 -0.1 -0.6
-0.3 0.1 -0.2 00| 291 0.1
-0.3 0.2 -0.3 -04 0.8 29.3
(viii) Quartz:
Elastic tensor (GPa)
100.3 31.1 29.5 2.0 1.8 20.3
30.6 102.0 29.3 -2.2 0.0 0.0
Pristine 29.3 29.0 94.8 -0.2 0.0 0.0
2.8 -2.8 0.3 51.1 0.0 0.0
-0.3 0.1 -0.3 0.1 52.1 2.0
-0.1 -0.1 0.4 -0.1 2.3 35.7
147.4 74.4 69.6 1.8 4.8 21.7
72.5 159.2 75.1 0.8 -0.6 -0.2
Irradiated 65.5 70.3 137.9 -1.0 4.2 -1.9
-1.5 -3.3 -1.4 39.5 -0.1 1.6
3.9 2.4 6.2 0.6 39.6 -0.8
1.0 1.5 -2.9 0.2 1.7 43.6
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