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Molecular dynamics simulations of the ballistic effects arising from displacement cascades in glasses have
been investigated in silica and in a SiO2–B2O3–Na2O glass. In both glasses the T-O-T′ angle (where T and T′ are
network formers) diminishes, despite radiation causes opposite effects: while the ternary glass swells and
silica becomes denser. We show that radiation-induced modifications of macroscopic glass properties result
from structural change at medium/range, reflecting an increasing disorder and internal energy of the system.
A local thermal quenching model is proposed to account for the effects of ballistic collisions. The core of a
displacement cascade is heated by the passage of the projectile, then rapidly quenched, leading to a process
that mimics a local thermal quenching. The observed changes in both the mechanical and structural
properties of glasses eventually reach saturation at 2 1018 α/g as the accumulated energy increases. The
passage of a single projectile is sufficient to reach the maximum degree of damage, confirming the hypothesis
postulated in the swelling model proposed by J.A.C. Marples.
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1. Introduction

Vitrification of high-level radioactive waste in borosilicate glasses
is currently used on an industrial scale in several countries. The
fundamental properties of the waste forms are their chemical and
mechanical durability against the forcing conditions represented by
chemical alteration or internal/external irradiation. At the molecular
scale, glass structure is modified by radiation effects and by other
internal (chemical composition) or external (alteration) variables [1].
Understanding the radiation effects in glasses is then an important
topic to model the long term stability of nuclear waste matrices [2,3].
The effects of irradiation can be elastic (cascades of ballistic collisions
between atoms) or inelastic (changes in the electronic structure
associated with the formation of point defects) [4].

Recent data on active nuclear glasses indicate the predominance of
ballistic effects in accounting for the macroscopic changes at doses up
to 1019 α/g [5,6]. Under irradiation, the glass density and hardness
diminish, while fracture toughness increases up to a saturation
threshold. Saturation is reached for critical doses of about 2×1018 α/g
and appears to be effective at least to a dose of 1019 α/g. Alkali
borosilicate glasses present the same qualitative behavior as nuclear
glasses under irradiation by heavy ions (inducing mainly ballistic
effects), e.g. a swelling of a few percent, as shown by experiment and
numerical simulation [1,7,8]. Radiation effects in silica have also been
studied for years, with a noticeable densification under a very large
range of irradiating fluxes : neutrons, electrons, and X-rays. [9–11].
There is then an opposite evolution of pure silica and ternary
borosilicate glasses under irradiation leading to elastic effects.

The situation is rather more complicated when a mixing between
the elastic and inelastic effects is considered in ternary glasses. In this
case, it is possible to observe a swelling at low doses, followed by a
compaction at larger doses [12]. In silica, the presence of impurities
(like hydrogen) can play a major role on the density behavior [13,14].
For instance, the densification reverses to swelling when a sufficient
concentration of H atoms are incorporated in the silica structure [14].

In order to identify more precisely the origin of this different
behavior, we have simulated by classical molecular dynamics (MD),
series of displacement cascades in amorphous silica and an alkali
borosilicate glass, in order to progressively damage the bulk glass by
ballistic effects. Prior studies have focused on the impact of individual
different displacement cascades with different ion energies on the
structure of borosilicate glasses [15,16]. Silica glass is an archetypal
structure of tridimensional oxide glasses. The structure of alkali
borosilicate glasses has also been extensively investigated because the
mixing of Na2O and B2O3 gives them original non linear properties
[17–19]. The available observables provide a firm basis for numerical
simulation of the structure of these glasses.

The present study shows that the structure of both a silica glass
and an alkali borosilicate glass suffers an increasing structural
disorder at short and medium-range distance, as well as an increase
in the internal energy of the system. Ballistic effects modify glass
structure, retaining thememory of a higher fictive temperature due to
a fast thermal quenching. The different behavior of glass structure
under irradiation is explained by the coordination change of Si and O
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Fig. 1. Swelling of CJ1 glass versus the energy deposited by accumulating a series of
600 eV displacement cascades.
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in the silica glass and of B in the borosilicate glass as a result of the
migration of Na from a charge-compensating to a network modifying
position.
2. Methodology

The molar composition of the borosilicate (CJ1) glass is the
following: 67.7% SiO2–18.1% B2O3–14.2% Na2O. The simulation cell
comprised 4000 and 3999 atoms for CJ1 and silica glass. The CJ1 glass
was chosen because its behavior under irradiation shows that it is a
good analog of active nuclear glasses [7,8].

The CJ1 glass was produced using the formalism described by
Delaye and Ghaleb [15] by classical MD using Born–Mayer–Huggins
potentials supplemented by three-body terms [20]. BKS potentials
were used to simulate the structure of silica [21].

The glasses were fabricated in several steps. Initially, a liquid was
equilibrated for 100,000 time steps starting from a random config-
uration. The volume was maintained constant. Whenever the
temperature exceeded 6000 K, the atomic velocities were reequili-
brated to return to 4000 K. At the end of the liquid equilibration
period the glass was quenched at the rate of 5×1012 K/s. The
temperature was lowered stepwise; and the value and duration of
each temperature level were adjusted to match the quenching rate.
The simulation cell volume remained constant during quenching. The
equilibrium volume of the quenched glass at a room temperature was
determined by calculating 20,000 time steps at constant pressure. A
final relaxation for 10,000 time steps was applied at constant volume
using the equilibrium volume determined during the preceding step.
The glassy configurations were thus equilibrated at a room temper-
ature and characterized by a near-zero pressure. The time step used
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Fig. 2. Left: number of oxygen atoms displaced at least once (black), twice (dark gray) or 3 tim
in CJ1 glass. Right: the same thing for the Na atoms.
for the glass preparation was 1 fs. During the glass fabrication, heavy
atoms (with a mass equal to that of U atoms) were inserted in the
structures to obtain projectiles capable of initiating the displacement
cascades. To do this, 4 Si atoms are simply “modified” to attribute
them the mass of a U atom. With regard to interactions, these atoms
are treated like Si atoms, i.e. by application of Si-X potentials (where X
is any atom). Only their mass differs from that of Si atoms.

A displacement cascade is initiated by accelerating a heavy
projectile with an energy of 600 eV. The energy displacement of the
cascades is adjusted so the cascade volume is contained within the
simulation cell. Only a few percent of the total number of network-
forming atoms are displaced during a cascade. Displacement cascades
in oxide glasses are homogeneous along the initial projectile path
because there is no preferred direction for the propagation of atomic
displacements as in crystals, which ensures that the displacement
cascades are circumscribed within the simulation cell. The energy of
the initial projectile decays through a series of ballistic collisions with
the atoms of the glass. Ziegler, Biersack and Littmark (ZBL) potentials
are used to correctly model the high-energy interactions of the
collisions [22]. These potentials are related to the pair potentials by
polynomial expressions of degree 5 ensuring continuity of energy,
forces, and force derivatives. A thickness of 3 Å is maintained at a
room temperature around the edges of the simulation cell by regularly
controlling the atomic velocities to absorb thermal motion as it
reaches the edges.

All displacement cascades follow one another without changing
the equilibrium volume between each cascade, resulting in a gradual
increase in pressure with the deposited energy. The new equilibrium
volume of the glass is then calculated throughout the NPT ensemble
from the structure integrating all the displacement cascades. This
method limits swelling as the dose increases. A variable time step is
used in the simulation of displacement cascades. It is short at the
beginning to correctly sample the paths of the highest-energy atoms,
and increases as the energy decays, finally reaching 1 fs. A hysteresis
system detailed in [23] is applied to modify the time step.

3. Results

3.1. Evolution of the macroscopic properties of the SiO2–B2O3–Na2O glass

The CJ1 glass subjected to a series of 600 eV displacement cascades
exhibits a volume expansion shown in Fig. 1.

The shape of the swelling can be fitted to an exponential law [24]:

ΔV
V0

=
ΔV
V

� �
sat

1− exp −VpDt
� �h i

: ð3Þ

In this equation, V0 and ΔV correspond respectively to the initial
volume and to the volume change at time t. (ΔV/V)sat corresponds to
Deposited Energy (1018keV/cm3)
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Fig. 3. Potential energy versus deposited energy during the accumulation of 600 eV
displacement cascades in CJ1 glass.
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Fig. 5. Evolution of the mean coordination number of boron and sodium atoms in CJ1
glass subjected to a series of 600 eV cascades. Trend lines were fitted using exponential
functions. The Na coordination is shifted to be visualized on the same scale.
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the final saturation plateau. D is the dose (in particle/nm3/s), and Vp is
the elementary volume damaged by one projectile.

In establishing this relation, Marples [24] formulated the hypoth-
esis that the passage of a single projectile is sufficient to reach a
maximum damage locally. Each new projectile therefore modifies the
structure only if it passes through a region that was not previously
irradiated. As the probability of irradiating an untouched area
diminishes as the dose increases, swelling slows down according to
an exponential law. To confirm this model, we have plotted in Fig. 2
the number of oxygen atoms displaced at least once, twice or three
times versus the deposited energy.

An oxygen atom is considered to be displaced if it moves over a
distance exceeding 1 Å during a cascade. The curves corresponding to
displacements of Si and B atoms are similar to the curve for oxygen
atoms. Na atoms behave differently. They are much more mobile, and
are displaced by ballistic collisions as well as under the effect of
thermal motion and changes in Coulomb interactions. All the Na
atoms are shiftedmuchmore rapidly than the atoms forming the glass
skeleton. Swelling appears to be correlated with the number of O
atoms displaced once. Both curves tend simultaneously toward the
saturation threshold. This simultaneity is not observed for O atoms
displaced at least two or three times. Marples' model is therefore
justified. Moving each forming atom (O, Si or B) only once is enough to
reach the maximum local swelling.

The variation of the potential energy in CJ1 glass due to the
accumulation of displacement cascades has also been measured by
quenching the glassy configurations at zero temperature to eliminate
thermal motion. Fig. 3 shows the increase in potential energy with the
deposited nuclear energy. A saturation threshold appears around
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Fig. 4. Radial distribution functions for Si–O (bottom) and B–O (top) at the beginning
and end of the series of 600 eV cascades in CJ1 glass. The B–O radial distribution
function is offset for greater clarity.
5×1020 keV/cm3 that seems slightly lower than the saturation
threshold corresponding to swelling. A similar saturation threshold
has been observed during self-irradiation of Cm-bearing glasses, with
saturation being attained at cumulative doses larger than 1017 α-
decays/g [2].

The increase in potential energy reflects the evolution of the glass
toward a less stable structure due to the accumulation of ballistic
collisions. The high rate of glass restoration after the passage of a
projectile prevents a complete medium-range reconstruction, and
thus accounts for the higher potential energy. In actual nuclear
glasses, a larger offset by about 1 order of magnitude is measured
between the saturation times of the stored energy and of the volume
expansion [2]. A much smaller lag is observed here.We currently have
no explanation for this discrepancy between the experimental and
simulated results.

3.2. Evolution of the structural properties of alkali borosilicate glasses

In the radial distribution function, the (Si, B)O peak decreases and
broadens with glass irradiation, indicating an increasing disorder
(Fig. 4). The Si–O distance does not change, as the SiO4 tetrahedra
remain stable. However, the B–O distance shifts toward smaller
distances due to the IVB to IIIB coordination change.

The integral of the radial distribution functions up to theminimum
following the first peak provides the coordination numbers. The boron
coordination number decreases as a function of the deposited energy
due to the increasing proportion of IIIB until a saturation level is
reached (Fig. 5). The formation of a BO3 entity requires fewer diffusion
processes than that of a BO4 entity. In addition, the formation of IIIB
sites is favored at a high temperature [25], with IIIB–O distances
shorter than IVB–O distances. This accounts for the slight shift of the
first peak in the B–O radial distribution function (Fig. 4). This indicates
a fast restoration of the glass structure after the passage of the
projectile, keeping a memory of a higher fictive temperature of the
local glass structure. The variation of the mean boron coordination
number with deposited energy follows an exponential evolution, as
described above for the volume expansion of the irradiated glass
(Fig. 5). Experimental evidence is provided by a boron K-edge XANES
Table 1
Coordination numbers of boron atoms, and percentages of Qn species at the beginning
and end of the series of 600 eV cascades in CJ1 glass.

B[3]% B[4]% Q4 Q 3 Q 2 Q1 Q 0

Initial 25% 75% 95.8% 4.2% 0% 0% 0%
Final 47% 53% 85.2% 14.6% 0.2% 0% 0%
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spectroscopy of similar alkali borosilicate glasses externally irradiated
by heavy ions.

The decrease of the mean boron coordination implies a modifica-
tion of the role of sodium:

BO
−
4 þ Na

þ
charge comp:↔BO3 þ Onb þ Na

þ
modif :

in which Na+charge comp and Na+modif represent Na+ ions in a network-
modifying and charge-compensating position. Since a network-
modifying Na atom is closer to an oxygen atom than a charge-
compensating Na and its coordination number is lower, we observe
not only a decrease in the mean coordination number of sodium
atoms but also a shift toward smaller distances for the first peak in the
Na-O radial distribution function.

Nonbridging oxygen atoms are formed, modifying the degree of
cross-linking around Si atoms. Table 1 indicates the coordination
numbers of the boron atoms, as well as the percentages of Q n groups
at the beginning and end of the series of 600 eV displacement
cascades in CJ1 glass. Q n refers to a SiO4 entity with n bridging oxygen
atoms, and thus (4−n) nonbridging oxygens.

The decrease in the mean coordination number of boron is
correlated with the formation of Q 3 species and, to a lesser extent,
of Q 2 species. The mean Si–O–Si and Si–O–B angles diminish under
irradiation as shown in Fig. 6. The decrease in themean angles reaches
a saturation threshold matching that of the swelling and of the other
structural properties.

A similar decrease with the dose is observed for the mean ring size
in CJ1 glass, with a broadening of the ring size distribution. Fig. 7
compares the ring size distributions before and after the accumulation
of 600 eV cascades in CJ1 glass. We considered here the rings formed
by the formers Si and B connected by the O atoms. The broader
distribution and the shift toward a smaller mean ring size are clearly
visible. As for the angles, these phenomena reflect an increasing
degree of disorder in the glass.
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Fig. 7. Ring size distribution at the beginning and end of the accumulation of a series of
600 eV cascades in CJ1 glass.
These phenomena – smaller angles and broader ring size
distribution – have already been identified [26] due to the
acceleration of thermal quenching during the fabrication of the
glass. Increasing the glass thermal quenching rate generally leads to
changes qualitatively equivalent to the effects of irradiation [27,28].
Experimentally, the reduction of the Si–O–Si angles was demonstrat-
ed by a Raman spectroscopy in a glass of the same composition
externally irradiated by heavy ions [7]. The shift of the 500 cm−1 band
toward higher wave numbers was interpreted as a decrease in the Si–
O–Si angle. In our case the displacement cascades have a role
comparable to an acceleration of the quenching rate, because, after
the passage of the projectile the irradiated volume is quickly
quenched to a room temperature, thus preventing any medium-
range relaxation of the glass structure.
3.3. Evolution of the structural properties of silica

Amorphous silica densifies as ballistic collisions accumulate (see
Fig. 8), reaching a saturation threshold of 3.5%. A similar densification
was observed experimentally in silica samples irradiated by neutrons
[9,10]. As the glass density, the internal energy increases up to a
saturation level (Fig. 9). The saturation of the increase of the potential
energy occurs simultaneously with that of the swelling. We have
plotted the variation of the Si and O coordination numbers during the
accumulation of displacement cascades in Fig. 10. VSi and a few VISi
appear under irradiation. Oxygen triclusters form to compensate the
charge of the new entities. As for CJ1 glass, the Si–O–Si angle
diminishes with the accumulation of displacement cascades (Fig. 11).
The decrease of about 8° is slightly higher than in the CJ1 glass and is
consistent with experimental observations in irradiated silica [10].
Ring size distribution is broader as the deposited energy increases, as
the mean ring size decreases with a maximum probability diminish-
ing from 5 to 4. (Fig. 12). The increasing disorder in the silica is also
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Fig. 8. Silica densification with the accumulation of 600 eV displacement cascades.
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Fig. 9. Potential energy versus deposited energy during the accumulation of 600 eV
displacement cascades in silica glass.
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indicated by the broader distribution of the Si–O and O–O peaks on
the radial distribution functions (Fig. 13).

4. Discussion

Numerical simulations show striking similarities and differences
between the behavior of silica and CJ1 glasses as a result of ballistic
collisions. In both cases, the glass structure undergoes an increase in
the degree of disorder resulting in a broadening of the atomic pair
contributions in the radial distribution function and of the ring size
distribution, a decrease in the T–O–T′ angles (where T and T′ are
network formers), and an increase in the internal energy.

Ballistic effects modify the glass structure, which stabilizes in a less
stable configuration. Ballistic effects are similar to the effects of
thermal quenching. Temperature rises sharply for a short time at the
center of the cascade, then the glass is rapidly quenched under the
influence of the surrounding material at a room temperature.
Quenching rates at the center of the cascade were estimated to be
larger than 1015 K/s. The initial glass is gradually replaced by a glass
quenched at a much higher rate, hence with the memory of a higher
fictive temperature. The decrease of the T–O–T′ angle during
irradiation in both silica and CJ1 glasses, regardless of material
swelling or densification, has different origins. In silica, the formation
of SiO5 or even SiO6 sites and of oxygen triclusters results in a decrease
in the mean value of the Si–O–Si angle. In CJ1 glass, this decrease is
primary due to the B coordination change. The higher concentration of
network modifying Na, presenting short Na–O distances, result in an
overall convergence between O and Na. This tends to shift the
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Fig. 10. Evolution of the coordination numbers of Si and O in si
network formers away from the central oxygen atom, hence a
decrease in the T–O–T′ angles. This mechanism had already been
identified in [29] with regard to Si–O–Al and Si–O–Si angles in the
presence of calcium.

Experiments and simulations at different quenching rates have
qualitatively reproduced the effects of displacement cascades. Silica
and CJ1 glasses exhibit different behavior in terms of swelling and
coordination number variations. In silica, the density increases
together with the local coordination numbers. This structural change
has been shown during polyamorphic transformations of SiO2 or GeO2

glasses at high pressure [30,31]. By contrast, in the CJ1 glass, the
swelling corresponds to structural modifications usually observed at a
high temperature, with a decrease in the boron coordination number
and a modification of the role of Na+ ions. The complex interplay
between these two processes may explain the large variability of the
volume changes of nuclear glasses during irradiation and indicates a
strong chemical dependence of these macroscopic properties during
glass irradiation [2].

5. Conclusion

MD simulations of a series of displacement cascades in silica and in
SiO2–B2O3–Na2O glasses entail a structural change reflecting increas-
ing disorder in the glass and increasing internal energy. In both
glasses the T–O–T′ angles (where T and T′ are network formers)
diminish while the ternary glass swells and silica becomes denser,
which shows that these two effects are not correlated. A local thermal
quenching model is proposed to account for the effects of ballistic
collisions. The core of a displacement cascade is heated by the passage
Deposited Energy (1018keV/cm3)
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of a projectile, then rapidly quenched, leading to a process thatmimics
the effect of a local thermal quenching. The observed changes in both
the mechanical and structural properties eventually reach saturation
as the accumulated energy increases. The passage of a single projectile
is sufficient locally to reach the maximum degree of damage,
confirming the hypothesis postulated in the swelling model proposed
by J.A.C. Marples.
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