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1 |  INTRODUCTION

Borosilicate glasses and melts play an important role in var-
ious phenomena, including technological applications or 
geological processes.1– 5 They are a special kind of silicate 
glass, mainly made of silica, boron trioxide, and sometimes 

also other compounds such as sodium oxide and aluminum 
oxide. They were invented in the early 19th century. Michael 
Faraday found that boron could be used for making a pass-
able flint glass (a lead borosilicate glass), which was used for 
the demonstration of magneto- optical Faraday effect.6 The 
“heavy glass” he used in his experiments contained 15.6% 

Received: 1 October 2020 | Revised: 25 February 2021 | Accepted: 24 March 2021

DOI: 10.1111/jace.17830  

O R I G I N A L  A R T I C L E

Properties of irradiated sodium borosilicate glasses from 
experiment and atomistic simulations

Mengli Sun1,2,3,4  |   Sandro Jahn4  |   Haibo Peng1  |   Xiaoyang Zhang1 |   
Tieshan Wang1 |   Piotr M. Kowalski2,3

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original 
work is properly cited.
© 2021 The Authors. Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society (ACERS)

1School of Nuclear Science and 
Technology, Lanzhou University, 
Lanzhou, China
2Institute of Energy and Climate Research 
(IEK- 13), Forschungszentrum Jülich, 
Jülich, Germany
3Jülich Aachen Research Alliance, JARA 
Energy & Center for Simulation and Data 
Science (CSD), Jülich, Germany
4Institute of Geology and Mineralogy, 
University of Cologne, Köln, Germany

Correspondence
Piotr M. Kowalski, Institute of Energy 
and Climate Research (IEK- 13), 
Forschungszentrum Jülich, Wilhelm- 
Johnen- Straße, 52425 Jülich, Germany.
Email: p.kowalski@fz-juelich.de

Tieshan Wang, School of Nuclear Science 
and Technology, Lanzhou University, 
Tianshui South Road 222, Lanzhou 
730000, China.
Email: tswang@lzu.edu.cn

Funding information
Forschungszentrum Jülich; National 
Natural Science Foundation of China, 
Grant/Award Number: U1867207; China 
Scholarship Council; International 
Atomic Energy Agency, Grant/Award 
Number: F11022; DSTI Foundation of 
Gansu, Grant/Award Number: 2018ZX- 07

Abstract
With a combination of atomistic modeling and experimental techniques, we have 
investigated the structural and elastic parameters of sodium borosilicate glasses, in-
cluding irradiation- induced changes. Both approaches show that the Young's modulus 
depends linearly on the density of material. The simulated glass density and boron 
speciation match also the estimates by independent, elemental glass composition- 
based models, indicating that atomistic simulations could be used in validation of 
theoretical models and experimental results. This allows us to formulate Young's 
modulus— density relationships for investigated borosilicate glasses and test the ex-
isting empirical model for description of Vickers hardness of these materials. The 
simulation of irradiation reveals a change of B[4] content under irradiation. By apply-
ing a simple defects accumulation procedure, we are able to correctly reproduce the 
measured critical irradiation dose of ~0.1 dpa and provide reasonable information on 
density change and stored internal energy. With the obtained agreements between the 
experimental and simulation results, we obtained superior insights into the atomic- 
scale structural evolution of irradiated borosilicate glasses.
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B2O3 by mass.6 After detailed systematic studies of the ef-
fects of different additions and substitutions to a very common 
soda lime glass, in the late 19th century, Otto Schott and Ernst 
Abbe found that a borosilicate glass with significant amount of 
boron has superior chemical durability and improved thermal 
shock resistance. For instance, it has three times lower thermal 
expansion coefficient than the soda lime glass.6– 9 Because of 
the enhanced performance, borosilicate glasses are techno-
logically applied at extreme conditions, with wide range of 
applications. These include car headlights, cookwares, such 
as water bottles, coffee pots or microwave glasses, laboratory 
apparatus and glassware, and special windows in washing ma-
chines or at the international space station.5,10,11 They are also 
used as a host of High- Level Nuclear Waste (HLW).1,3

In the nuclear applications, the borosilicate glasses are 
widely used as a primary matrix/host for the immobilization/
vitrification of HLW because of good chemical durability and 
physical parameters, including good thermal stability, resis-
tance to neutral or acid solutions, and the ability to incorpo-
rate about 30 different elements or compounds found in spent 
nuclear fuel.12,13 They have large waste load (40% HLW by 
volume) and could be easily formed using low- temperature 
routes.1 They are also inexpensive to produce, as boron is 
abundant worldwide and easily accessible. Besides, the man-
ufacturing technologies are well established.14,15

Vitrification has been accepted as one of the most suitable 
methods to solidify HLW.1,3,12,14 However, due to safety con-
cerns, it is necessary to estimate the parameters of borosili-
cate glass under residual irradiation. In the past years, many 
groups have extensively studied the thermodynamic, chemical 
and mechanics properties of borosilicate glasses, and signif-
icant experimental effort has been devoted to evaluation of 
the properties of irradiated borosilicate glasses.16– 22 Yet, these 
experimental results require detailed interpretation, which 
could be achieved by correct understanding of the atomic- 
scale processes associated with radiation damage and defects 
accumulation. It could be achieved with the aid of atomic- 
scale simulations using supercomputing resources and sim-
ulation methods of computational chemistry and materials 
science.23,24 In the last decades, different glasses have been in-
vestigated at the atomistic scale by atomistic modeling meth-
ods, including molecular dynamics. There are various such 
studies of nuclear glasses that aim to understand the structural 
and physical– chemical properties of these materials.1,4,5,7,25– 32

Atomistic modeling methods have been applied to un-
derstand the local structure of the glassy materials,25,30 spe-
ciation in glasses or quenched melts,26 or elastic parameters 
of such materials.28,29 At the same time, various techniques 
were developed to simulate glassy materials and other mate-
rial compounds under irradiation.24,26,33,34

In this contribution we used a combination of experimen-
tal measurements and atomistic scale modeling to understand 
the behavior of irradiated sodium borosilicate glasses and to 

derive the associated physical parameters. We focus on der-
ivation of the structural, elastic, and thermodynamic prop-
erties, such as change in volume, Young's modulus, internal 
(stored) energy and other parameters that are determined by 
boron speciation, as well as on understanding the atomic 
structure of the irradiated glasses and finding structure– 
property relationships. The reported results also represent a 
good validation test for the performance of atomistic mod-
eling methods on the simulation of properties of irradiated, 
structurally complex and disordered materials.

2 |  METHODS

2.1 | Experimental methods

We used the same sample preparation method and multi- energy 
ion irradiation experiment procedure as Guan et al.19 The irradi-
ation with multi- energy ions has been applied to obtain uniform 
damage in the samples, in order to simulate the α- decay- based 
radiation environment of the vitrified nuclear waste. The irra-
diation experiment was performed at the Institute of Modern 
Physics in Lanzhou. The highly energetic Xe ion beams of dif-
ferent energy (1.6, 3.2, and 5 MeV) were induced/selected from 
an electron cyclotron resonance (ECR) ion source and then re-
directed to the surfaces of the glass. With ions of multi- energy, 
uniform damage was created in the sample at room tempera-
ture and at the pressure of 7 × 10−5 Pa. The penetration range 
of incident ions was within 2 μm. The used irradiation setup 
guarantees dominance of nuclear collision processes over elec-
tronic effects,35 which is important for the comparison of the 
experimental results with the ballistic events- based simulation 
approach. The dose in displacements per atom (dpa) was de-
rived using standard procedure outlined in detail in our previous 
studies of irradiation effects on borosilicate glasses.18

After irradiation experiments, the nanoindentation mea-
surements were carried out at the Suzhou Institute of Nano- 
technology and Nano- bionics with the MTS G200 
nanoindenter with a three- sided pyramid tip (Berkovich dia-
mond tip). The maximum load on the indenter was ~500 μm 
and to avoid the influence of glass surface, the indentation at 
depth larger than 0.3  μm was investigated. These measure-
ments were done in continuous stiffness mode. In Yuan et al.30 
and Guan et al.,19 we reported the experimental results of the 
properties of irradiated NBS1 and NBS2 (sodium (Na)- Boron- 
Silicate) glasses. In addition to those measurements, here we 
report results of irradiation experiments on one more glass: 
NBS4a. These glass compositions were selected so all three 
have constant molar ratio of [SiO2]/[B2O3]. This allows to 

 aThe numbering is not consecutive to preserve the consistency of 
numeration and naming of the samples measured at Lanzhou University 
and published in various papers
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investigate the influence of the molar ratio of [Na2O]/[B2O3] 
on the properties of pristine and irradiated borosilicate glasses. 
The compositions of irradiated glasses are listed in Table 1.

2.2 | Computational methods

The atomistic simulations were performed with the aid of 
force field- based molecular dynamics simulations using the 
LAMMPS37 and GULP38 codes, with the later used to derive 
the elastic properties of the simulated glass structures. Below 
we provide detailed description of the applied simulation 
procedures.

2.2.1 | Interaction potentials

A key factor for successful simulation- based studies is the 
application of a reliable description of interactions between 
atoms constituting the simulated medium. Because the ra-
diation damage simulations require simulation of a large 
number of atoms (usually thousands), ab initio simulations 

are prohibited and classical molecular dynamics with a sim-
ple force field has to be applied. In our studies, we used the 
Buckingham- type interatomic, pair interaction potential of 
the form:

where r is the distance between the interacting atoms and Aij, 
ρij, and cij parameters for different pairs of interacting i and j 
atoms are provided in Table 2. These parameters come from 
the studies of Guillot and Sator39 and were fitted to reproduce 
the thermodynamic, structural and transport properties of nat-
ural silicate melts. For the interaction between B and O atoms, 
we used the force field developed recently and tested on boro-
silicate glasses by Wang et al.7 The parameters for the Zn– O 
interaction were fitted using GULP code,38 so the interaction 
potential reproduces the measured structural parameters of ZnO 
oxide. We note that the used force field parameterization differs 
from the widely used Kieu et al.40 scheme, but according to 
Wang et al.7 it substantially improves the description of density 
and boron speciation of borosilicate glasses.

(1)Φij =Aijexp

(

−r

�ij

)

−
Cij

r6
,

T A B L E  1  Measured (simulated) compositions, and their respective ratios, of borosilicate glasses. The values are in mole percentage. The ratios 
are defined as follows: K = [SiO2]/[B2O3], R = ([Na2O] + [CaO])/[B2O3], S –  B = [SiO2]/([SiO2] + [B2O3])

Glass ID Na2O SiO2 B2O3 CaO TiO2 ZnO K R S − B

G1 glasses

00B7,36 15.2 (15) 74.8 (75) 0.0 (0) 10.1 (10) 1.00 (1.00)

06B7,36 16.1 (15) 69.3 (69) 4.9 (6) 9.8 (10) 14.14 (11.50) 5.29 (4.17) 0.93 (0.92)

12B7,36 14.8 (15) 63.8 (63) 10.8 (12) 10.6 (10) 5.91 (5.25) 2.35 (2.08) 0.86 (0.84)

24B7,36 15.5 (15) 51.6 (51) 21.9 (24) 11.0 (10) 2.36 (2.13) 1.21 (1.04) 0.70 (0.68)

37B7,36 14.1 (15) 36.9 (38) 38.4 (37) 10.6 (10) 0.96 (1.03) 0.64 (0.68) 0.49 (0.51)

53B7,36 15.0 (15) 24.9 (25) 49.3 (50) 10.8 (10) 0.51 (0.50) 0.52 (0.50) 0.34 (0.33)

62B7,36 14.9 (15) 12.7 (13) 62.0 (62) 10.4 (10) 0.20 (0.21) 0.41 (0.40) 0.17 (0.17)

75B7,36 15.4 (15) 0.0 (0) 74.1 (75) 10.5 (10) 0.00 (0.00) 0.35 (0.33) 0.00 (0.00)

PNL 76- 683,17 11.56 (12) 62.66 (63) 13.02 (13) 3.28 (3) 3.57 (4) 5.92 (6) 4.81 (4.85) 1.14 (1.15) 0.83 (0.83)

G2 glasses

SNBS132 12.0 (12) 37.7 (38) 50.3 (50) 0.75 (0.76) 0.24 (0.24) 0.43 (0.43)

SNBS232 12.0 (12) 44.0 (44) 44.0 (44) 1.00 (1.00) 0.27 (0.27) 0.50 (0.50)

SNBS332 12.0 (12) 48.0 (48) 40.0 (40) 1.20 (1.20) 0.30 (0.30) 0.55 (0.55)

SNBS432 12.0 (12) 52.8 (53) 35.2 (35) 1.50 (1.51) 0.34 (0.34) 0.60 (0.60)

SNBS532 12.0 (12) 58.7 (59) 29.3 (29) 2.00 (2.03) 0.41 (0.41) 0.67 (0.67)

SNBS632 12.0 (12) 62.9 (63) 25.1 (25) 2.51 (2.52) 0.48 (0.48) 0.71 (0.72)

SNBS732 12.0 (12) 66.0 (66) 22.0 (22) 3.00 (3.00) 0.51 (0.55) 0.75 (0.75)

SNBS832 12.0 (12) 68.4 (68) 19.6 (20) 3.49 (3.40) 0.61 (0.60) 0.78 (0.77)

G3 glasses

NBS120,21,30 25.0 (25) 60.0 (60) 15.0 (15) 4.01 (4.00) 1.67 (1.67) 0.80 (0.80)

NBS219,20 16.0 (16) 67.3 (67) 16.7 (17) 4.02 (3.94) 0.96 (0.94) 0.80 (0.80)

NBS4 20.0 (20) 64.0 (64) 16.0 (16) 4.00 (4.00) 1.25 (1.25) 0.80 (0.80)
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2.2.2 | Simulations of glass structure

In all our simulations, the glasses were represented by mod-
els containing ~3000 atoms, with correct number depending 
on the glass composition (see Table 1 for details). This size 
of the simulated systems is consistent with the number of 
atoms used in simulation studies by Wang et al.7

The glass structures have been virtually generated follow-
ing the procedure applied by Wang et al.7 The procedure is 
illustrated in Figure 1. We started with a randomly distributed 
set of atomic positions and such a system has been initially 
equilibrated for 100 ps at a temperature of 3000 K using NPT 
(constant pressure– temperature) ensemble. Then, we slowly 
cooled the system down to 300 K by applying the cooling 
rate of 1 K/ps. Such simulations ran for 2700 ps. The cooled 
glasses were further equilibrated for 100 ps at a temperature of 
300 K using NPT ensemble. For some alkali metal- rich NBS 
glasses, we also used NVT (constant volume– temperature) 
ensemble for cooling, because of problems with obtaining 
correct glass densities with NPT approach. This procedure 
follows recommendation of Wang et al.,7 who noticed that 

for some glass compositions, NPT ensemble results in un-
controllable expansion in volume. We found that this hap-
pens for glasses rich in Na due to formation of a Na- oxide 
phase, which at high temperatures tends to separate and dras-
tically expand in volume. This could be avoided by lowering 
the equilibration temperature to below 2000 K. Such a low 
temperature, however, does not guarantee a well equilibrated 
structure. The simulations were performed using LAMMPS 
simulation package.37

2.2.3 | Simulations of elastic parameters

The elastic Young's modulus as well as bulk (B) and shear 
(G) moduli have been simulated on a set of 10 snapshots uni-
formly selected along the equilibrated trajectory. We used 
the Voigt– Reuss– Hill approach41 and the simulations were 
performed using GULP code.38 The hardness has been esti-
mated as Vickers hardness, Hv, from the following empirical 
formula derived by Chen et al.42 for polycrystalline materials 
and bulk metallic glasses:

In the above equation, k = G/B. We notice that it is not in-
tuitive to expect such a simple relationship between hardness, 
which describes resistance of a material to a localized plastic 
deformation, and elastic moduli that describe the material's 
non- permanent elastic resistance to the applied stress. Here 
we only test if such a simple empirical relationship holds for 
the measured data on the considered pristine and irradiated 
borosilicate glasses.

2.2.4 | Simulations of accumulation of 
radiation damage

The radiation damage has been simulated using the defects 
accumulation procedure applied in previous atomistic simu-
lation studies.43,44 We performed the damage accumulation 
molecular dynamics runs in an iterative loop. Each single 
cation defect formation run was 2  ps long. It consisted of 
NPT equilibration simulation run (assuming ambient condi-
tion), which was followed by a random direction and distance 
displacement of a randomly selected cation in such a way that 
the displacement distance was at least 6

◦

A. This is essential 
to assure formation of a permanent defect, to which the oxy-
gen sublattice effectively readjusts. Such a simple procedure 
of gradual defect accumulations has been applied before, for 
instance, in simulation of radiation damage effects in ceramic 
materials.43,45 As a part of our studies, we intended to check 
if this approach could correctly predict the critical irradiation 
dose, stored internal energy, or change in Young's modulus 

(2)Hv = 2(k2G)0.585
− 3,

T A B L E  2  Parameters of the interatomic interaction potential 
(Equation 1)

Bond Aij (eV) ρij (Å) Cij (eV/Å
6

)

O– O39 9022.79 0.265 85.0921

Si– O39 50306.10 0.161 46.2978

B– O7 206941.81 0.124 35.0018

B– B7 484.40 0.350 0.0

Si– B7 337.70 0.290 0.0

Na– O39 120303.80 0.170 0.0

Ca– O39 155667.70 0.178 42.2597

Ti– O39 50126.64 0.178 46.2978

Zn– Oa 9791.95 0.180 0.0
aOur parameters.

F I G U R E  1  The procedure used to simulate the glass structure. 
Equivalent of Wang et al.7
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of the measured glasses. We note, however, that in the sim-
ulations that are based on simple interaction potentials, we 
account only for the ballistic effects. Although used experi-
mental setup guarantees dominance of collision events,35 in 
reality, electronic structure effects may also impact the re-
sponse of a material to irradiation. Due to very short simula-
tion times, the simulated dose rate is also orders of magnitude 
larger than the one realized in experiments44 and the overall 
irradiation effects may depend on type and energy of the ap-
plied radiation.

2.2.5 | Simulated system

We simulated three different series of borosilicate glasses 
that reflect the measured compositions of: (G1) Wang et al.,7 
(G2) Zhao et al.,32 and (G3) Guan et al.19 The exact composi-
tions are given in Table 1. These could be grouped according 
to the ratio of alkali to boron (R = [Na2O + CaO]/[B2O3]): 
low (G1 and G2) to high (G1 and G3). In addition, we simu-
lated PNL 76- 68 glass discussed by Weber,17 Manaktala,3 
and Turcotte and Wald.46

3 |  RESULTS

3.1 | Pristine glasses

3.1.1 | Physical parameters of the 
simulated glasses

In order to examine the applicability and reliability of the 
simple force fields proposed recently by Wang et al.7 for 
borosilicate glasses, first we simulated the G1 borosilicate 
glasses considered by Wang et al.7 These glasses, in addi-
tion to sodium atoms, contain significant amount of calcium 
([Na2O]/[CaO] = 1.5). Figures 2 and 3 show the results of 
such simulations in terms of glass density and boron spe-
ciation, respectively. We notice that the simulated density 
of G1 glass series is slightly, but systematically, higher (by 
~3%) than the simulated results of Wang et al.7 and meas-
urements.36 However, the experimental trend of density de-
pendence on the boron content is well captured. The density 
raises with decreasing content of boron, reaching maximum 
at [SiO2]/([SiO2] + [B2O3])~0.7, and becomes smaller for 
silicon- rich compositions. Interestingly, our simulations 
match the results of Wang et al.7 for silicon- rich glasses, 
and both simulations overestimate the glass density for 
these compositions. The offsets between the three data-
sets could result from slightly different boron speciation in 
both simulations and experiments. As indicated in Figure 
3, in our simulations, there is less B[4] species (by up to 
10% of total B[4] content) for boron- rich cases. We carefully 

discuss this discrepancy with the aid of the existing theo-
retical models.

The formation of B[4] species occurs through the presence 
of alkaline metals, Ca, and Na atoms in our case. These atoms 
act as charge- compensating network modifiers.36 Thus, one 
should expect that the number of B[4] species will be limited 
by the amount of available alkali elements. For the case with-
out silicon, we could estimate this limit as:

For the G1 75B glass, this results in B[4] content of 0.3333. The 
value of 0.4 reported by Wang et al.7 exceeds this limit (Figure 3). 

(3)[B[4]] ∼
2[Na2O] + 2[CaO]

2[B2O3]
.

F I G U R E  2  The simulated (red- filled squares) and measured 
(black- filled circles7,36,47) density of G1 glasses. In addition, densities 
simulated by Wang et al.7 are shown [Color figure can be viewed at 
wileyonlinelibrary.com]
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(orange squares36), YB model (blue triangles48) and two- state model 
(green diamonds36). IC, ideal counting; YB, Yun– Bray [Color figure 
can be viewed at wileyonlinelibrary.com]
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On the other hand, our value of 0.31 is well consistent with the 
provided estimate. In Table 1, we provide the estimate obtained 
with Equation (3). It well describes the simulated values for the 
cases when [B2O3] > [SiO4] (and [B2O3] < [Na2O + CaO]), but 
overestimates the amount of B[4] for Si- rich compositions. This 
is understandable as fraction of the alkali metals should partici-
pate in saturation of Si– O chains.36

According to Smedskjaer et al.,36 there exist three mod-
els that describe the B[4] content as a function of composi-
tion in a borosilicate glass, similarly to Equation (3). The 
ideal counting (IC) model36 assumes the equal charge- 
compensating effect of modifiers (Na and Ca2+ ions) on 
B[4] speciation, and B[4] occurs in corner- sharing pairs 
that are fully bounded (connected) to B[3] or SiO4 tetrahe-
dra units. In that model, the excess of alkali atoms create 
non- bridging oxygen (NBO) on these B[3] or SiO4 units. 
As discussed by Smedskjaer et al.,36 this model creates 
too many B[4] units for G1 glass with low concentration 
of B when [B2O3] < [Na2O + CaO]. The Yun– Bray (YB) 
model48 assumes that at higher concentration of modifiers, 
the add- atoms modify SiO4 tetrahedra by the formation of 
NBO only on SiO4 tetrahedra units, while BO3 units are 

less affected. It produces improved description of the B[4] 
content but still overestimates the amount of B[4] in G1 
glasses at high Si content. Both models predict experimen-
tally unseen saturation (as limit of B[4]  =  1 has not been 
reached experimentally). The experimental results indicate 
competition between the formation of B[4] species and NBO 
for high Si content/low B content.36 It is accounted for in a 
two- state model of Smedskjaer et al.,36 where the enthalpy 
difference (ΔH) between the formation of B[4] species and 
NBO on SiO4 is taken into account. The results of all three 
models for G1 glasses are reported in Table 3 and Figure 
3, which are equivalent to Figure 6 of Smedskjaer et al.36 
Interestingly, the simulated data could be well fitted with 
the two- state model assuming ΔH = 0.072 eV (as proposed 
by Smedskjaer et al.36). The fact that all the models repro-
duce well the simulated data at low alkali content validates 
our simulations and points toward potential overestimation 
of B[4] content in data of Smedskjaer et al.,36 as also indi-
cated in Figure 6 of Smedskjaer et al.36

In the next step, we performed simulations of the series of 
SNBS G2 glasses investigated by Zhao et al.32 Zhao et al.32 
measured and simulated (with the similar force field- based 

T A B L E  3  Model- predicted, simulated, and experimental fraction of B[4] and density (in g/cm3) of G1– G3 glasses

Glass ρexp ρsim ρFF ρBF ρIn �In

sim
B

[4]
exp

B
[4]

sim
B

[4]

IC
B

[4]

YB
B

[4]

Two - state
B
[4]In

sim

G1 glass

00B7,36 2.48 2.49 — — — — — — — — — — 

06B7,36 2.53 2.52 2.52 2.61 2.48 — 0.81 0.87 1.00 0.94 0.87 — 

12B7,36 2.55 2.53 2.51 2.56 2.49 — 0.76 0.76 1.00 0.78 0.76 — 

24B7,36 2.54 2.58 2.46 2.47 2.47 — 0.66 0.65 1.00 0.60 0.61 — 

37B7,36 2.52 2.58 2.41 2.38 2.45 — 0.54 0.54 0.68 0.55 0.51 — 

53B7,36 2.45 2.52 2.35 2.31 2.40 — 0.49 0.44 0.50 0.50 0.43 — 

62B7,36 2.39 2.46 2.26 2.24 2.41 — 0.46 0.36 0.40 0.40 0.38 — 

75B7,36 2.32 2.40 2.18 2.18 — — 0.40 0.31 0.33 0.33 0.33 — 

G2 glass

SNBS132 2.16 2.40 2.32 2.12 2.42 — — 0.24 0.24 0.24 0.22 — 

SNBS232 2.16 2.42 2.34 2.15 2.43 — — 0.27 0.27 0.27 0.25 — 

SNBS332 2.18 2.44 2.35 2.17 2.43 — — 0.28 0.30 0.30 0.26 — 

SNBS432 2.24 2.45 2.37 2.19 2.43 — — 0.31 0.34 0.34 0.29 — 

SNBS532 2.25 2.46 2.33 2.23 2.36 — — 0.35 0.41 0.41 0.34 — 

SNBS632 2.32 2.45 2.36 2.25 2.39 — — 0.40 0.48 0.48 0.37 — 

SNBS732 2.34 2.46 2.38 2.26 2.40 — — 0.42 0.55 0.55 0.41 — 

SNBS832 2.35 2.48 2.40 2.27 2.42 — — 0.43 0.60 0.60 0.44 — 

G3 glass

NBS120,21,30 2.36 2.37 2.49 2.52 2.53 2.57 0.77 0.64 1.00 0.70 0.89 0.82

NBS219,20 2.28 2.37 2.45 2.36 2.48 2.56 0.70 0.53 0.94 0.74 0.51 0.65

NBS4 2.50 2.42 2.47 2.43 2.51 2.56 — 0.64 1.00 0.73 0.67 0.74

The supscripts/superscripts indicate: exp (experiment), sim (simulations), FF (model od Feil and Feller50, BF (model of Budhwani and Feller51), In (model of Inoue  
et al.52), IC (Ideal counting model36), YB (Yun– Bray model48) and Two- state (model of of Smedskjaer et al.36)
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method) the Young's modulus and hardness of these mate-
rials. However, in these simulation studies, the potential 
of Kieu et al.40 was used, which according to Wang et al.7 
cannot correctly capture the density and boron speciation 
of borosilicate glass. The results of simulations of density 
and boron speciation with the Wang et al.7 potential are re-
ported in Figures 4 and 5. Our simulations predict a density 
of ~2.40  –   2.47  g/cm3 for this class of glasses. This is by  
10% larger than the experimental densities reported by Zhao 
et al.32 However, our result is very close to other experi-
mental and simulation studies by Barlet et al.49 of glass of 
similar composition, and in general within a density range 
expected for borosilicate glasses.49 In order to shed light on 
this discrepancy, we applied the models of glass densities as a 

function of composition analyzed by Barlet et al.49: (M1) Feil 
and Feller,50 (M2) Budhwani and Feller51 and (M3) Inoue 
et al.52 as the most accurate model. The results are reported in 
Table 3 and in Figure 4. We note that the simulated densities 
are consistent with the model of Inoue et al.52 On the other 
hand, model of Budhwani and Feller51 is consistent with the 
measured densities, but as discussed by Barlet et al.,49 it, in 
general, underestimates the densities. With these results, we 
thus suspect that the experimental densities reported by Zhao 
et al.32 are somehow underestimated or that the real parame-
ters of the investigated glasses were slightly different.

The predictions of the models for the fraction of B[4] and 
density, together with the experimental data are reported in 
Table 3.

The results obtained for the two series of glasses (G1 and 
G2) indicate that the applied simulation procedure results in 
production of glass structures with reasonable density and 
boron speciation, which is important in terms of analysis of 
the elastic properties of glasses and their performance under 
irradiation.

3.1.2 | Elastic properties

The simulated and measured Young's modulus for the series 
of G2 SNBS glasses of Zhao et al.32 are reported in Figure 
6. The simulations show the Young's modulus of ~65– 
70 GPa, with no clear dependence on the glass composition 
(B content). This is in contradiction to the experimental re-
sults, which show much lower modulus for B- rich compo-
sitions (~45 GPa), but similar for Si- rich glasses, ~70 GPa. 
Interestingly, for Si- rich compositions, we observe the best 
agreement between the measured and simulated densities 
(Figure 4), and our simulated values are well consistent with 
the simulation results of Zhao et al.32 In Figure 7, we show 

F I G U R E  4  Density of G2 glasses. The symbols represent the 
results of: our simulations (red squares), experimental results (black 
circles32; semi- filled circles49), model M1 (FF, green up- triangles50), 
model M2 (BF, blue down triangles51), and model M3 (orange 
diamonds52) [Color figure can be viewed at wileyonlinelibrary.com]
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the Young's modulus dependence on glass density. The ex-
perimental measurements show a clear, linear- like trend with 
Young's modulus (E) well approximated by:

where ρ is the density given in g/cm3. The simulated data show 
much less variation with density, because of nearly identical 
densities (Figure 6; Table 3). The difference between the sim-
ulated and measured Young's modulus must reflect the differ-
ences in the measured and simulated glass structures, namely 
B[4] speciation. The simulated boron speciation is given in 
Figure 5 and Table 3, and it is well consistent with the models 
discussed in Section 3.1.1.

The hardness of G2 SNBS glasses estimated as Vickers 
hardness from the computed bulk and shear moduli is pro-
vided in Table 4. We note that Zhao et al.32 performed direct 
molecular dynamics simulations of hardness of these glasses 
and obtained values that are one order of magnitude larger 
than the measured values. Both datasets are provided in Table 
4. On the other hand, our estimate matches reasonably well 
the measured values. This indicates that a simple, empirical 
relationship between hardness and elastic moduli derived by 

Chen et al.42 for polycrystalline materials and bulk metallic 
glasses can be successfully applied to estimate the hardness 
of glassy materials. On the other hand, our analysis indicates 
some problems with the data on hardness simulated explicitly 
by Zhao et al.32 We note, however, that such direct simula-
tions as performed by Zhao et al.32 are not trivial and several 
factors can impact the quality of the simulated values.

3.2 | Irradiated glasses

Here we intended to perform simulations of irradiation of 
series of G3 glasses, in order to interpret experimental data 
published recently 19,20,21,30 and produced within the scope 
of this paper (NBS4 glass). The computational procedure is 
tested on data on irradiated PNL 76- 68 glass.17,46 The pre-
sented comparison between the experimental and simulation 
results should be considered having in mind all the limita-
tions of the simulation method and difference in simulated 
conditions from those realized in experimental irradiation 
studies, as mentioned in Section 2.2.4.

3.2.1 | Properties of PNL 76- 68 glass

In order to validate the simulation procedure for simulation 
of irradiated glasses, we simulated the PNL 76- 68 glass for 
which the irradiation- induced (stored) internal energy and 
volume change have been experimentally measured.17,46 We 
selected this glass composition as this is the least composi-
tionally complex of the measured glasses and the required 
potential parameters are known for all the elements, except 
for Zn (which we fitted here). However, this glass is a good 
test case because experimentally it shows uniquely negligi-
ble volume (density) change and significant stored internal 
energy (of ~90 J/g; Figure 8). We thus tested how our com-
putational setup reproduces these data. The results are given 
in Figure 8. Indeed, our simulation shows negligible volume/
density change (within 1%) and the simulated stored energy 
of ~80 J/g is also very consistent with the experimental value, 

(4)E(GPa) ∼ 125� − 224.

F I G U R E  7  Young's modulus as a function of density for G2 
glasses. The points represent the experimental results (filled black 
circles32) and our simulations (filled red squares) [Color figure can be 
viewed at wileyonlinelibrary.com]
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SNBS3 47.2 ± 0.4 67.8 ± 1.8 65.2 ± 4.9 4.4 ± 0.1 4.5 ± 0.3 22.3 ± 3.2
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SNBS6 64.4 ± 0.8 65.5 ± 1.6 72.7 ± 5.8 6.1 ± 0.2 4.8 ± 0.4 24.8 ± 2.1
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SNBS8 71.7 ± 0.9 64.7 ± 2.6 79.4 ± 2.3 6.5 ± 0.2 5.3 ± 0.5 27.5 ± 1.9

T A B L E  4  The parameters of the 
pristine G2 glasses obtained from the 
experiment (exp)32 and simulations (sim): 
ours and Zhao et al.32 (marked witha). The 
units are GPa
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considering simplistic description of the interatomic interac-
tions and irradiation effects. We are thus confident that with 
the applied simulation procedure, the irradiation effects could 
be effectively simulated.

3.2.2 | Properties of G3 glasses: 
Experimental data

Guan et al.19 and Peng et al.20 measured change in volume 
and Young's modulus for the irradiated G3 NBS1 and NBS2 

glasses. The results on Young's modulus are given in Figure 
9. Interestingly, the data show saturated accumulation of 
radiation damage at critical irradiation dose of ~0.1 dpa. In 
Figure 9, we also present the experimental data for one more 
glass compositions (NBS4). All of the considered composi-
tions have similar K parameter, which allows for investiga-
tion of the impact of silicon content on the property of the 
irradiated glass. Regarding the elastic and mechanical prop-
erties, on the experimental side, the irradiation causes the de-
crease in the Young's modulus and hardness. For instance, 

F I G U R E  8  The simulated (red line) and measured (filled black 
circles17,54) density and internal stored energy of irradiated PNL 76- 68 
glass. The experimental irradiation fluence was rescaled to match the 
simulated change in the stored internal energy (at low irradiation dose 
<0.05 dpa) [Color figure can be viewed at wileyonlinelibrary.com]
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F I G U R E  9  The simulated (filled red squares) and measured 
(black diamonds19 and our studies) Young's modulus for 
series of irradiated G3 glasses [Color figure can be viewed at 
wileyonlinelibrary.com]
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the Young's modulus of NBS2 glass decreases from 85 GPa 
(unirradiated case) to 70 GPa. In view of our analysis of be-
havior of borosilicate glasses provided in previous sections, 
this indicates decrease in glass density and B[4] content. In 
order to understand these effects, we performed molecular 
dynamics simulation of irradiation process.

3.2.3 | Properties of G3 glasses: Simulations

The simulated properties of irradiated G3 NBS1, NBS2 and 
NBS4 glasses are reported in Figures 9– 12 and Tables 5 and 
6. First, we report the simulated change in Young's modulus. 

Interestingly, the Young's modulus of the pristine glasses is 
substantially smaller than the measured value (~50 GPa vs. 
~90 GPa), and the simulations show increase in the modulus 
during irradiation (Figure 9). On the other hand, experiments 
and simulations give consistent value of ~70 GPa for irradi-
ated glass after the critical dose of 0.1 dpa. The difference 
seen between the experimental and simulated cases could be 
explained by the difference in measured and computed glass 
density and boron speciation. As indicated in Figure 11a, 
the density of the “virtually” irradiated glasses increases by 
~10%. As a result, the simulated Young's modulus increases 
by ~50%, from ~50 to 75 GPa. This is consistent with the 
model (Equation 4). The increase in density is accompanied 
by increase in the B[4] content (see Table 5). The increase 
in the Young's modulus in simulated irradiated glass is thus 
clearly correlated with the increase in B[4] content of the ir-
radiated glass.

However, we noticed that the simulated densities of G3 
glasses are inconsistent with the best theoretical prediction 
(ρin in Table 3), and the simulated glasses have substantially 
lower densities. The discrepancy is more pronounced for the 
glass compositions with large sodium content. In fact, we no-
ticed some convergence problems with simulations of NBS1 
glass (highest sodium content) and suspect that high abun-
dance of sodium affects the simulated cooling procedure (see 
Section 2.2.2). This results in not well equilibrated final glass 
structures. In order to correct for the density effect, we thus 
performed the simulations by applying NVT ensemble for 
cooling (glass preparation), assuming glass density provided 
by the model of Inoue et al.52 The results with so “virtually” 
prepared glass are provided in Figures 10 and 11b, and Table 
6. Now, we get much better agreement with the experiment 
regarding Young's modulus of pristine glasses. The simulated 
properties of irradiated glasses, however, are not that sensi-
tive to the simulation setup (Figures 9– 12).

F I G U R E  1 2  The simulated Young's modulus for series of 
irradiated G3 glasses. The two panels show the results with NPT 
(left panel) and NVT (right panel) ensembles (see text for detailed 
explanation). The dashed lines represent linear fits to the data. NPT, 
constant pressure– temperature; NVT, constant volume– temperature 
[Color figure can be viewed at wileyonlinelibrary.com]
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In Figure 12, we provide information on dependence of 
the Young's modulus on the glass density during the irradi-
ation simulation runs. We observe strong correlations that 
resemble these seen experimentally (Figure 6 and Equation 
4). Both experiment and simulation thus show linear- like 
increase of Young's modulus with increase of density. The 
Vickers hardness estimated from the simulated elastic mod-
uli is also well consistent with the measured values (Tables 
5 and 6).

In Figure 11, we present the simulated stored internal en-
ergy of G3 glasses. We notice that, although the two applied 
glass preparation schemes result in slightly different densities 
and structure of pristine glasses (Tables 5 and 6) and thus re-
sulting stored internal energy, the density of irradiated glasses 
and critical irradiation doses are nearly identical. The ob-
tained values are also qualitatively consistent with the exper-
imental and simulated results for PNL 76- 68 glass (Figure 8).

4 |  CONCLUSIONS

We performed extensive simulations and experimental 
measurements of the structural and elastic parameters of 
series of borosilicate nuclear glasses under irradiation. 
With the larger composition- dependent set of simulated 
and measured glass parameters, we performed in depth 
analysis of the structure– property relationships in these 
materials, focusing on glass density, boron speciation, 
elastic Young's modulus and hardness. We found that the 
properties of borosilicate glasses are mainly determined 
by the glass elemental composition and the density. The 
simulated glass density follows well the prediction of the 
model by Inoue et al.,52 and the boron speciation, namely 
the content of B[4], is well described by the two- state model 
of Smedskjaer et al.36 We found a clear linear relationship 
between density and Young's modulus. The hardness of the 
measured glasses is also reasonably well estimated from 
the knowledge of the bulk and shear moduli by a simple 
empirical relationship proposed by Chen et al.42 This is an 
interesting result, as it is rather “non- intuitive” that hard-
ness could be estimated from parameters that describe only 
the resistance of a material to elastic deformations.

The simulations of glasses under irradiation show that 
a simple defect accumulation procedure can capture well 
the irradiation process, correctly predicting the critical ir-
radiation dose (~0.1  dpa), change in density and elastic/
mechanical properties, and give reasonable estimate for 
the stored internal energy. The simulations results and the 
existing models for glass density and B[4] content indicate 
potential problems with characterization of the measured 
samples. This shows the power and importance of atomistic 
simulations of glassy materials for correct interpretation of 
the experimental data.
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