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a b s t r a c t

Although it is widely understood that water interacts extensively with vitreous silicates, atomistic sim-
ulations of the response of these materials to ballistic radiation, such as neutron or ion radiation, have
excluded moisture. In this study, molecular dynamics simulations were used to simulate the collision
cascades and defect formation that would result from such irradiation of silica in the presence of mois-
ture. Using an interatomic potential that allows for the dissociation of water, it was found that the reac-
tion between molecular water or pre-dissociated water (as OH� and H+) and the ruptured Si–O–Si bonds
that result from the collision cascade inhibits a significant amount of the structural recovery that was
previously observed in atomistic simulations of irradiation in perfectly dry silica. The presence of mois-
ture not only resulted in a greater accumulation of non-bridging oxygen defects, but reduced the local
density of the silica and altered the distribution of ring sizes. The results imply that an initial presence
of moisture in the silica during irradiation could increase the propensity for further ingress of moisture
via the low density pathways and increased defect concentration.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Interactions between high-energy ballistic radiation and vitre-
ous silica occur across a very diverse range of disciplines. For
example, ions in solar wind can damage optics aboard spacecraft
[1] and affect the structure and chemistry of lunar surface material
[2,3], the optics for inertial confinement fusion are susceptible to
damage from neutron irradiation [4,5], and the vitrified silicate
waste forms being developed in many nations’ nuclear waste man-
agement strategies must withstand extensive self-irradiation due
to alpha decay [6–9]. Molecular dynamics (MD) simulations are
ideally suited to simulating these interactions due to the length-
and time-scales of collision cascades in silica, and they have been
used to examine the atomic-scale phenomena that govern the re-
sponse of silica to such radiation.

MD simulations of dry glasses have revealed picosecond-scale
healing of local glass structure after a ballistic collision event such
as would be caused by the recoil nucleus produced by alpha decay
in a nuclear waste glass and it is believed that this rapid healing is
at the center of vitreous silicates’ resistance to radiation damage
[5,10,11]. However, these simulations have generally been con-
ducted in the absence of moisture for reasons of simplicity, yet
water is known to interact extensively with the glassy network
[12–22]. The interactions between ballistic radiation, the glassy
network, and moisture govern the ultimate safety and viability of
applications such as nuclear waste glasses and have been the sub-
ject of much experimentation over the last three decades [8,23–
ll rights reserved.
27], but it remains unclear what role moisture plays at the atomic
level in these systems during irradiation.

In this study, MD simulations of repeated collision cascades in
vitreous silica were performed both in the absence of water (as
has been done in the past [5,10,11]) and in the presence of mois-
ture (as may be expected in real waste glasses [28,29]). Because
the interatomic potential used provides a completely atomistic
description of all atomic interactions, these simulations allow for
the dissociation of water and can capture the dynamic formation
of hydrated silica sites such as silanol, as has been previously
shown [22]. Thus, the effect of moisture on the self-healing of
the amorphous silicate network can be assessed under conditions
of ballistic irradiation.
2. Computational methods

The interatomic potential applied here has been used to accu-
rately reproduce the properties and behavior of bulk water [30]
and water interactions at the silica surface [22,31,32] in the past
and is comprised of two- and three-body interactions. The two-
body contribution, acting between atoms of type i and j, takes
the general form

U2-body
ij ðrijÞ ¼ Uq�q

ij þ Uqd�qd
ij þ Uq�qd

ij þ Uqd�q
ij þ Urep

ij þ Udisp
ij þ U12

ij ð1Þ

where each energy term is a function of the interatomic spacing rij

and is given by
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Table II
Point and diffuse charges for each atom.

Ion Si O H

Point charge q +1.808e �0.904e +0.452e
Diffuse charge qd �0.452e +0.226e �0.113e

Table III
Three-body potential parameters.

j–i–k Triplet kjik (fJ) cij (nm) cik (nm) r0
ij (nm) r0

ik (nm) h0
jik

O–Si–O 0.0150 0.28 0.28 0.30 0.30 109.5
Si–O–Si 0.0010 0.20 0.20 0.28 0.28 109.5
H–O–H 0.0300 0.13 0.13 0.16 0.16 100.0
Si–O–H 0.0050 0.20 0.12 0.28 0.15 109.5
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The parameters used in this study are listed in Table I. nr
OH is cal-

culated as a function of temperature and pressure as described
elsewhere [30], but the work in this study was all performed with
a constant value of nr

OH = 0.02001 nm which corresponds to
T = 298 K and P = 1 atm. The calculated interactions between pairs
are limited to atoms separated by a distance less than Rc = 1 nm,
and as in past work, the long-range Coulomb interactions are
determined by use of the Wolf summation method [33]. However,
unlike the potential used previously, which is comprised of Eqs.
(2)–(7), an additional U12

ij term is used to offset the strong attrac-
tion caused by the Udisp

ij interaction at the very close interatomic
spacings that may result from high-energy collision cascades. The
point charges q and diffuse charges qd assigned to each type of
atom are listed in Table II.

The three-body portion of the interatomic potential is a func-
tion of the interatomic spacing of each triplet and the angle be-
tween them, and it is of the form

U3�body
jik ðrij; rjk; hjikÞ ¼ kjik exp

cij

rij � r0
ij

þ cik

rik � r0
ik

 !
ðcos hjik � cos h0

jikÞ
2

ð9Þ

The effect of this three-body contribution is to bias certain j–i–k
atomic triplets towards certain angles to emulate the effects of
bond directionality without preventing overcoordination, bond an-
gle variations, or imposing any explicit rigidity as is often found in
other common interatomic potentials for water. The parameters
used are listed in Table III.

A vitreous silica sample was formed by melting a stoichiometric
crystal of beta cristobalite containing 13,608 atoms by simulating a
melt at 6000 K for 30,000 iterations with a 1 fs time step, then
quenching it via intermediate temperatures to 298 K in a manner
identical to past work [32]. The configuration that resulted from
the melt-quench procedure was then simulated under conditions
Table I
Two-body potential parameters.

i–j Pair Arep
ij (fJ) nij (nm) nr

ij (nm) B12
ij (J nm12) C6

ij (J nm6)

O–H 0.2283 2.4 0.02001 0 0
O–O 0.0425 2.4 0.06100 4.0780 � 10�31 4.2260 � 10�24

H–H 0.0000 2.4 0.00000 0 0
Si–O 0.2670 2.4 0.03730 3.5000 � 10�31 7.0000 � 10�24

Si–Si 0.0700 2.4 0.06400 0 0
Si–H 0.5000 2.4 0.03500 5.6486 � 10�32 3.8000 � 10�24
of constant temperature (298 K) and pressure (1 atm) for 40,000
steps. This system’s final dimensions were 6.380 nm � 6.366
nm � 4.961 nm, and this configuration served as the basis for the
dry system.

To generate the hydrated system, two approaches were taken:
one approach using dissociated water, in which H+ and OH� ions
were inserted near defect sites in the dry glass; the second ap-
proach involved incorporation of molecular water, which, because
of the use of a dissociative water potential, could dissociate upon
reaction with the silica. The use of ions in addition to the molecular
water was done to minimize disruption to the silicate network be-
fore irradiation by encouraging the formation of SiOH without hav-
ing to break additional bridging siloxane (Si–O–Si) bonds. For each
non-bridging oxygen (Si–O�) defect, a H+ ion was inserted at a ran-
dom position within 0.5 nm of the oxygen defect such that no
other atoms were within 0.2 nm of the inserted H+. Similarly,
OH� ions were inserted randomly within 0.5 nm of three-coordi-
nated oxygen and three-coordinated silicon defects such that no
atoms (aside from the hydrogen from the OH�) was within
0.2 nm of the central oxygen of the OH�. This resulting ‘‘wet” silica,
containing 111 H+ and 111 OH� ions which correspond to a
2.38 mol% concentration of H2O in silica, was allowed to relax at
a constant temperature of 298 K and constant volume for 10,000
steps at a 0.1 fs time step. This was sufficiently long to eliminate
any unphysically high-energy situations which may have arisen
as a result of the randomized H+/OH� insertion yet brief enough
to prevent extensive reaction and minimize deviation of the glassy
network from the dry reference sample.

To ensure that this process of inserting dissociated water ions
rather than molecular water did not produce any spurious results,
another wet system was created by inserting 111 water molecules
randomly throughout the glass such that no silica atoms were
within 0.2 nm of the water molecule’s oxygen atom. Unlike the
other wet system, this glass with molecular water was not allowed
to relax prior to the irradiation simulation. The results are very
similar for the two different methods of incorporating water into
the silica, so most of the results will be discussed in terms of the
system involving incorporation of dissociated water (H+ and OH�

ions). Due to the interesting features found in these systems con-
taining 2.38 mol% water, a third hydrated silica was also generated
by first inserting 111 H+ and OH� ions at defects sites (in a manner
identical to that described above) and then inserting an additional
222 water molecules randomly. This corresponds to a concentra-
tion of 6.83 mol% water and represents what may be expected at
near-surface region of a radiated glass in contact with water. This
system was simulated under conditions of constant temperature
(at 298 K) and volume for 10,000 iterations with a 0.1 fs time step
prior to the irradiation simulation.



Fig. 1. Change in non-bridging oxygen defects over time; the time scale is defined
such that the primary collision occurs at t = 0, and the change in defects is relative
to this t = 0 value. The data considered are from silica without any water (labeled
dry), silica with 2.38% water initially inserted as dissociated H+ and OH� (2.38% H2O,
ions), silica with 2.38% water initially in molecular form (2.38% H2O, molecules),
and silica with 6.83% inserted in both dissociated and molecular form (6.38% H2O).
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The overall method of simulating self-irradiation in the glass
used here is similar to the method used by others [5,10]. To simu-
late the effects of a recoil nucleus, oxygen atoms at the center of
the system were chosen at random and given an additional 1 keV
of kinetic energy in a randomized direction. As a result of the very
high atomic velocities immediately following the initiation of these
recoil nuclei, the time step used between iterations was allowed to
either decrease by a factor of 10 or increase by a factor of 5 such
that no single atom moved more than 0.0012 nm between consec-
utive system configurations. Furthermore, to dissipate the heat in-
serted into the system as a result of these primary collision events,
the velocities of atoms within 0.3 nm of the boundaries of the sim-
ulation box were rescaled to a temperature of 298 K every tenth
iteration. Similarly, time steps were only allowed to be adjusted
(if needed) every tenth step. Each system was simulated for
approximately 35 ps, and each collision event was preceded by
2 ps of relaxation. Thus, at least 17 primary knock-on atoms
(PKA) were initiated in all systems, each separated by 2 ps.

For the analysis, every 500th configuration was sampled
throughout the course of the simulation, and due to the variable
time step, this corresponded to a much higher sampling frequency
(in s�1) near primary collision events when nuclear velocities were
very high.
Fig. 2. Number of SiOH and OH� throughout irradiation simulation. SiOH data
represent changes relative to the starting concentration. Free OH is the total
number of unbound OH� in the system. Each data point represents the count in the
system configuration sampled immediately before collision events, which is
representative of the maximum relaxation time allowed during irradiation, and
the time scale is defined such that the first primary collision occurs at t = 0.
3. Results and discussion

3.1. Localized defect formation

The degree of network connectivity in silicate glasses is best
gauged by the number of bridging oxygen atoms that join two
neighboring silica tetrahedra. Thus, as a metric of the damage in
the glassy network, the number of oxygen that did not have two
silicon neighbors (hereafter referred to as non-bridging oxygen)
were quantified over time. In the dry system, this was simply a
count of how many oxygen atoms had only one silicon neighbor
with a bonding distance less than 0.2 nm, where 0.2 nm is the min-
imum following the first-neighbor peak in the Si–O pair correlation
function [15,34]. In the wet systems though, non-bridging oxygen
in the simulation also were found to be bonded to one (in the case
of silanol (Si–O–H)) or two (in the case of Si–OH2

+) hydrogen ions
at a distance less than 0.12 nm, consistent with both experimental
data [35] and other computations [17,22]. Thus, Si–O, Si–O–H, and
Si–OH2 species all contribute to the non-bridging count in the wet
systems.

Fig. 1 depicts the change in counts for non-bridging oxygens in
wet and dry systems. The systems display the characteristic spike
in defect concentration coincident with the primary collision
event, followed by rapid, picosecond-scale structural recovery as
reported by others (cf. Fig. 1 in [5]). However, the extent of net-
work repolymerization following the first decay event is less pro-
nounced in the wet systems than it is in the dry system and this
divergence becomes increasingly pronounced with successive hits.
Although the magnitude of the individual defect peaks may vary
due to the random nature of the PKA trajectories and the glassy
network, the response of the glass to radiation was far more
strongly affected by the presence of any type of moisture than it
was by the starting form of the moisture, whether it was dissoci-
ated water or molecular water. Thus, unless otherwise noted, the
following discussion regards observations in the system created
with dissociated water rather than molecular water, and at a con-
centration of 2.38 mol%. The data from the 6.83 mol% data will be
discussed separately below.

The number of silanol groups and free hydroxyls measured over
the course of the irradiation is shown in Fig. 2, and it illustrates the
reaction of the free hydroxyl groups as the glass is damaged by col-
lision cascades. Each data point in this figure (except the first and
last) represents the concentration immediately before a new colli-
sion, thereby reflecting the concentration after the maximum pos-
sible recovery time between consecutive hits. Of the original 111
OH� added to the glass, 46 remained as free OH� after the short
relaxation that preceded the irradiation and this is shown by the
first data point. Those remaining free OH� reacted rapidly with
the undercoordinated silicon (SiO3) that formed as the collision
cascade disrupted the network connectivity. This is evidenced by
the nearly 1:1 correlation between SiOH formed and OH� de-
stroyed during the 10 ps following the first collision in Fig. 2.

The result of this were SiOH groups which prevented the
recombination of non-bridging oxygen and undercoordinated sili-
con and therefore prevented healing of the glassy network; the for-
mation of a bridge from these hydrated groups would require a
condensation reaction. While several water molecules were ob-
served to form during the simulation, all but two dissociated again,
resulting in no net restoration of bridges from hydrated defects. Of
the two H2O molecules that did not re-react though, both were the
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product of OH� groups that had never reacted with Si. Thus, while
the H+ with which these two ions reacted could have been released
as the result of a bridge reforming, no instances of two neighboring
silanol groups reacting to form a Si–O–Si bridge and H2O molecule
were observed.

These reactions between the hydrous species and the silica net-
work were accelerated by the high temperatures of the system;
although the edges of the simulation box were maintained at
298 K, the center of the system experienced a brief thermal spike
with a mean temperature in excess of 1100 K immediately follow-
ing each collision event. This temperature rapidly cooled to 400–
Fig. 3. Change in ring concentration over time for six-membered rings sampled at (a) ev
of the maximum relaxation time allowed during irradiation. Also shown are (c) three-m
primary collision and (e) rings with nine or more silicon tetrahedra sampled every 500
600 K between successive collision events, allowing the rapid for-
mation of SiOH at sites broken in the defect track.

3.2. Ring size evolution

To assess the extent of this effect moisture has on the self-heal-
ing of the longer-range network connectivity, the ring size distri-
bution for each system was also calculated over the course of the
simulations. Five- and six-membered rings (rings consisting of five
or six silicon tetrahedra) constituted the greatest fraction of rings
before irradiation, consistent with bulk glass structure. In both
ery 500 iterations and (b) immediately before each primary collision, representative
embered rings and (d) eight-membered rings sampled immediately preceding each
iterations.



Fig. 4. (a) Change in concentration of four-membered rings and (b) density of the central 1.5 nm of the system as a function of time during irradiation taken at the
configuration preceding each primary collision.
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wet and dry glass systems, each primary collision event caused the
rapid rupture of five- and six-membered rings, followed by limited
recovery, as shown for the six-membered rings in Fig. 3a. This
behavior is similar in fashion to the formation and healing of
non-bridging defects shown in Fig. 1, with the wet systems show-
ing less recovery than the dry system at longer time. Fig. 3b shows
the fraction change in six-membered rings at configurations imme-
diately preceding each primary collision event (thus allowing for
relaxation from the previous collision event); the five-membered
ring concentration reflected a similar decrease over the course of
the irradiation. This cumulative damage in the form of five- and
six-membered ring rupture is consistent with other simulations
of dry silica [5,36].

Much of the structural recovery that followed each primary col-
lision event resulted in the net increase in the number of three-
membered rings (Fig. 3c) and rings with eight and nine or more sil-
icon tetrahedra (Fig. 3d and e). The formation of the small three-
membered rings is very consistent with the formation of such rings
at dry silica surfaces; the smaller concentration of these rings in
the wet system is consistent with their reaction with moisture
upon hydration, forming silanols [15,21,37–42], lowering their
concentration. As shown in Fig. 3c, the concentration of three-
membered rings increased by between 16% and 32% towards the
end of the simulation in the wet system and by between 32% and
45% in the dry system, suggesting that water has the effect of
inhibiting the formation of strained three-membered rings during
self-healing. Furthermore, by assuming that the rates of increase in
these rings are constant after the initial period of rapid increase
when t < 10 ps, fitting a straight line to the data for t > 10 ps in
Fig. 3 gives an indication of how quickly these rings are forming.
Doing this reveals that the three-membered ring concentration in-
creases at a rate of 0.901%/ps in the dry system and about half of
that, 0.454%/ps, in the wet system under the simulated radiative
flux.

Four-membered rings showed a net increase during the course
of the irradiation, but this increase in concentration only began
after about 8 ps under irradiation or four primary collision events.
Furthermore, as shown in Fig. 4a, the number of these rings de-
creased during the beginning of the simulation in the wet system,
then began increasing after this �8 ps ‘‘incubation” period. This de-
lay may be related to the limited availability of moisture near the
four-membered ring as irradiation proceeds. However, there may
also be an effect of local density. Examining the density of a spher-
ical volume of r = 1.5 nm, whose center coincides with the center of
the simulation box, indicates that the increase in four-membered
ring formation occurs in the dry system as density initially de-
creases with irradiation, as shown in Fig. 4b, suggesting that the
formation of these rings occurs after a critical amount of excess
volume is made available for localized structural rearrangement.
While complicated by the presence of moisture in the wet system,
there is also an increase in the concentration of four-membered
rings as the glass density decreases. At irradiation levels where
the densities of both systems reach the same value and begin to
decrease at similar rates, the rate of four-membered ring formation
in both systems also appears to increase at a similar rate.

Studies on the polymerization of silica have shown that four-
membered rings are the smallest rings that can form with no sig-
nificant strain in the bridging oxygen bond between silica tetrahe-
dra [15,43,44]. Thus, whereas three-membered rings are
necessarily strained and are typically formed as a mechanism for
surface relaxation, four-membered rings can form at any region
where there is enough volume for rearrangement and the temper-
ature is sufficiently high to permit the necessary kinetics. While
five- and six-membered rings can also form under similar condi-
tions, the fact that they are larger results in a larger probability
of rupture during the course of a collision cascade, and these rings
undergo a net decrease as damage accumulates.

The formation of the large membered rings is indicative of
nanoscale ‘void’ formation that plays a significant role in the rup-
ture of silica glass under stress [45–48]. A clear divergence is seen
in the number of eight-membered rings, with the wet system
showing a larger fraction increase, but the nine and larger mem-
bered ring plot shows similar behavior for the wet system with
2.38% water and dry systems, with only a hint of divergence at
the longer times. The enhanced formation of the larger (eight
and nine or more) rings in the wet system implies a weakening
of the silica during irradiation to a greater extent than that for
the dry system.

Furthermore, the formation of these low-density regions near
the glass surface also allows water to penetrate deeper into the
subsurface [22,49]. To gain insight into the effect of such an in-
crease in subsurface water concentration, silica with 6.83 mol%
H2O was subjected to irradiation, and this system showed a signif-
icantly greater degree of defect formation, as shown in Figs. 1 and
3e. In the latter, the increased moisture caused an increase in the
formation of the largest rings, although the concentration appears
to maximize near 80% increase, which may be the limit of forma-
tion of such large rings. Thus, the damage due to irradiation com-
pounds more quickly in the presence of increasing moisture, and
this in turn increases the formation of large voids and lowers den-
sity. Based on these results, it becomes easy to envision this accel-
erated damage due to water as a self-propagating process where
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damage opens volume, allowing external water to diffuse into the
glassy network more easily and further accelerate the accumula-
tion of damage.
4. Conclusions

The simulations of dry silica glass exposed to irradiation are
consistent with previous simulations that had shown considerable
self-healing of broken bonds, offering a mechanism for the resis-
tance of silica to ballistic radiation. However, the current simula-
tions show that the presence of moisture in the silica network
has the significant effect of inhibiting the extent to which broken
bonds reform, thus limiting structural recovery. The degree of
non-bridging oxygen formation and retention in the presence of
water is enhanced when moisture reacts with Si–O–Si bonds bro-
ken by irradiation, allowing for a more open network structure that
could affect further ingress of moisture into the glass. Retention of
larger rings in the wet silica implies a weakening of the glass, sim-
ilar to that seen in previous studies of the fracture of silica glass.
Because moisture can be expected in current waste glass composi-
tions, understanding the atomistic behavior of radiation-induced
damage in silicates requires the consideration of the reactions be-
tween water and the glassy network and its effect on structural
recovery.
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