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Toughening of soda-lime-silica glass by nanoscale phase separation: Molecular dynamics study
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The low fracture toughness of oxide glasses is a key limitation for many of their applications. Inducing and
controlling nanoscale phase separation in oxide glasses has been proposed as a potential toughening strategy, as,
unlike many alternative extrinsic toughening approaches, it allows one to retain the optical transparency. Using
molecular dynamics simulations, we here investigate the toughening mechanism in soda-lime-silica glasses with
embedded glassy nanoscale silica droplets. This system is chosen as a model for the experimental structure of
phase-separated soda-lime-silica glass, which is attractive considering its existing commercial use and the ease
of inducing phase separation. We calculate the fracture toughness of glass structures containing nanodroplets of
varying sizes and with different precrack positions, revealing that the glassy silica droplets toughen the material.
The simulations show that crack propagation is impeded by crack arrest, crack deflection and diversion, and
stress field alteration, ultimately increasing the fracture toughness. Our findings thus shed light on the toughening
mechanism due to phase separation, with important implications for the experimental design of oxide glasses

with controlled nanoscale phase separation.
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I. INTRODUCTION

Resistance to crack initiation and propagation is an impor-
tant feature for many applications of oxide glasses, motivating
the development of materials with enhanced strength and
toughness [1]. Strong and tough glasses would allow man-
ufacturers to produce thinner glass products, ultimately
reducing the cost and environmental footprint of glass man-
ufacturing. Furthermore, it would improve safety by reducing
the number of injuries related to glass fracture and would
also open up for new innovative glass products. Although
oxide glasses are intrinsically strong, their practical strength
is greatly reduced due to the presence of surface flaws and
cracks that inevitably form during manufacturing or usage,
thus reducing the material’s resistance to breakage. During
a tensile loading event, the applied stress is concentrated at
the flaw or crack tips. This makes oxide glasses vulnerable to
crack growth, especially given their low fracture toughness,
which in turn is related to their inherent brittleness. While
ductile materials are primarily intrinsically toughened, i.e.,
ductility (e.g., through dislocations) enables limited plastic
deformation dissipating the local stress that would otherwise
cause crack growth [2], brittle materials such as oxide glasses
lack such mechanism. This makes brittle materials prone to
crack growth and thus reduces their strength.

The fracture toughness and degree of brittleness of oxide
glasses vary with the chemical composition, thus making it
possible to develop tougher oxide glasses by compositional
design. However, the number of possible glass compositions
is colossal [3] and the variation in fracture toughness of ox-
ide glasses is relatively small (typically 0.5 to 1.0 MPa m'/?
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[4]). Besides composition optimization, multiple alternative
strategies to toughen oxide glasses have thus been investi-
gated. The introduction of compressive surface stress, e.g., by
thermal tempering or chemical tempering by ion exchange,
can greatly improve the resistance of the material to break-
age as the formed surface stress counteracts the opening of
surface cracks [1,5]. The presence of another phase in the
glass can also induce toughening by arresting or diverting
cracks at the phase interfaces and hereby impede the crack
propagation [6]. This is exploited in glass ceramics which
are toughened due to the presence of crystallites embedded in
the glass matrix [7,8]. Glass ceramics are typically produced
by a controlled two-step heat treatment to induce nucleation
and crystal growth [9]. Crystallization often leads to a loss of
transparency, but it can be avoided if the size of the crystallites
is much smaller than the wavelength of visible light or the
refractive indexes of glass and crystal are similar and the
crystal possesses low birefringence [10]. Crystallites can also
be introduced to glassy materials by alternative methods such
as implanting nanoparticles into an oxide glass matrix [11],
thus forming a composite material.

Phase separation is another potential method for extrin-
sic toughening of oxide glasses, as phase-separated glasses
comprise two or more glassy phases, leading to potential
toughening of the material similar to the mechanism observed
in glass ceramics. However, the mechanical properties of
phase-separated glasses have not been studied to the same
extent as those of glass ceramics, with only a few reported
studies [12—-14]. For example, Seal ef al. [14] found that the in-
dentation toughness increased for a sodium borosilicate glass
when forming an interconnected network of glassy phases,
whereas it decreased when glassy droplets were formed. Yet,
we note that the fracture toughness determination by Vick-
ers indentation is generally problematic [15]. Moreover, the
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fracture patterns of phase-separated glasses have also re-
cently been studied by peridynamic simulations, revealing that
toughening can be induced by both soft spherical particles in
a stiff matrix and vice versa [16]. Therefore, further investiga-
tions are needed to understand the effect of phase separation
on glass mechanical properties and elucidate the underlying
toughening mechanisms.

Liquid-liquid phase separation is a well-known phe-
nomenon in many oxide glass systems [17-21]. It occurs
due to liquid-liquid immiscibility, allowing for phase sepa-
ration at temperatures above the glass transition temperature
while still below the immiscibility temperature, ultimately
yielding phase-separated glasses consisting of two or more
disordered phases upon quenching. Depending on the tem-
perature and chemical composition of the system (i.e., also
Gibbs free energy), phase separation can occur by “nucleation
and growth” or “spinodal decomposition,” yielding discrete
droplets or an interconnected network, respectively [21,22].
Such glass-in-glass systems may have two or more glass tran-
sition temperatures and the phenomenon can be used to tailor
the microstructure, as done in, e.g., Vycor® glass [23]. The
structures formed by phase separation can cause light scat-
tering and thus result in loss of transparency [24]. However,
the transparency can be retained when the size of the formed
structures is small relative to the wavelength of visible light
[18], equivalent to the case of some glass ceramics. For var-
ious glass-forming oxide systems, it has been shown that the
size of droplets formed by phase separation can be controlled
by adjusting the composition and thermal history, enabling the
synthesis of finely controlled phase-separated oxide glasses
[17,18]. This makes phase separation a promising approach
for preparing tough, transparent oxide glasses.

Soda-lime-silica (SLS) glass is a good model system
for understanding the effect of phase separation on fracture
toughness, considering its well-understood structure, numer-
ous commercial applications, and the fact that nanoscale
droplets can be formed in SLS glasses [17]. Furthermore,
phase separation is prone to occur in a large compositional
space of SLS glass systems [17,22,25]. However, to our
knowledge, the effect of phase separation on the fracture
toughness in SLS glasses has not yet been investigated,
neither by experiments nor simulations. In this study, we
use classical molecular dynamics (MD) simulations to pre-
dict and understand the fracture behavior of SLS glasses
containing nanodroplets that can be formed by phase sep-
aration. The computational cost of atomistic simulations
limits the simulation time, precluding simulation of the ac-
tual nanoscale phase separation process in the SLS glasses;
thus, we employ an alternative procedure where we combine
two homogeneous glass structures to form phase-separated
systems. We study the effect of spherical particles with
diameters of 2 to 4 nm on the mechanical properties; con-
sequently, we are restricted to systems containing a small
number of droplets due to the computational cost. Specifically,
we study systems that resemble the phase-separated glasses
studied in detail by Burnett and Douglas [17]. They showed
that phase separation can be controlled at the nanoscale for
various glasses in the Na,O-CaO-SiO, system, with the
phase separation yielding droplets or alternatively connected
structures of almost pure silica in a modifier-rich matrix.

We thus simulate systems comprised of glassy droplets of
pure silica (SiO;) in an SLS glass matrix. To this end, we
simulate both a series of phase-separated glasses with a
constant matrix composition of 12.5Na,0-12.5Ca0O-75Si0,
as well as a phase-separated glass having an average com-
position of 12.5Na,0-12.5Ca0-75Si0,, where the latter
corresponds to one of the systems studied by Burnett
and Douglas [17]. The phase-separated glasses of con-
stant matrix composition have average compositions of
(50—x/2)NayO-(50—x/2)Ca0O-xSiO, for x =75.3, 76.2,
and 77.7. These glasses are thus all in the compositional
range for which Burnett and Douglas [17] observed droplets
formed by phase separation. Our study reveals the atomic
scale toughening mechanisms by exploiting the advantages of
MD simulations, as we study well-controlled and idealized
systems and observe nanoscale crack propagation, crack-
particle interactions, and local stress buildup. The insight into
the toughening mechanisms can guide future experimental
work and pave the way for the development of tough, yet
transparent oxide glasses.

II. COMPUTATIONAL METHODS
A. Simulation details

All MD simulations have been performed using an in-
teratomic potential of the Buckingham type combined with
long-range Coulombic interactions. The parameters for the
interatomic potential were adopted from Xiang and Du [26],
who used the parameters originally developed by Teter [27]
and later modified and extended to include calcium [28]. This
potential has previously been found to provide good repli-
cation of the structure of SLS and sodium silicate glasses
[29-31]. A cutoff distance of 8 A was used for the short-range
Buckingham interactions, while the long-range Coulombic
interactions were solved using the particle-particle particle-
mesh algorithm with a relative precision of 107> and a cutoff
between the calculations in real and inverse space of 25 A.
For all simulations, a fixed time step of 1 fs and periodic
boundary conditions were used. Nosé-Hoover thermo- and
barostats were used when applicable. All simulations in the
NPT ensemble were performed at zero pressure unless other-
wise stated. All energy minimizations were performed using
the conjugate gradient method. The simulations were per-
formed using the LAMMPS software [32] utilizing graphics
processing unit (GPU) acceleration [33,34]. Illustrations of
the molecular structure were made using the OVITO software
[35]. All simulations have been independently reproduced six
times for statistical averaging of results, except for the glasses
quenched at lower cooling rates as described in Sec. I B.

B. Preparation of homogeneous and phase-separated glasses

The following procedure was used to prepare homoge-
neous silica, SLS-71.9, SLS-73.3, and SLS-75.0 glasses (see
the molar compositions in Table I). Approximately 20000
atoms were randomly placed in a cubic simulation box while
ensuring a minimum distance of 2 A between the atoms.
The size of the simulation box was set so that the initial
density was equal to 1.7 and 2.1 g/cm?® for SLS and silica
glasses, respectively. An energy minimization was performed,
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TABLE I. Glass ID, average chemical composition, and details of the phase-separated systems for the seven studied glass compositions.
All compositions have been studied as homogeneous glasses, while phase-separated systems of only the SLS-75.0, SLS-75.3, SLS-76.2, and
SLS-77.7 compositions have been simulated. The matrix and droplet phases are indicated for the phase-separated glasses, and Dgopier and
Vol %ogroplet are the droplet diameter and volume percentage of the droplet phase, respectively.

Average composition

Details for phase-separated system

Na,O CaO SiO, Matrix Droplet Diroplet VOl % droplet

Glass ID (mol%) (mol%) (mol%) phase phase (nm) (%)
Silica 0 0 100

SLS-71.9 14.1 14.1 71.9

SLS-73.3% 14.9 11.8 73.3

SLS-75.0° 12.5 12.5 75.0 SLS-71.9 Silica 4 12.0
SLS-75.3 12.3 12.4 75.3 SLS-75.0 Silica 2 1.5
SLS-76.2 11.9 11.9 76.2 SLS-75.0 Silica 3 5.0
SLS-77.7 11.1 11.2 77.7 SLS-75.0 Silica 4 12.0

*The SLS-73.3 system was only used for validation of the SLS glass structures obtained with the used simulation procedure by comparison
with experimental neutron diffraction data [36] for a glass of this exact composition.

The actual average composition of the phase-separated SLS-75.0 glass is 12.5Na,0-12.6Ca0-74.9Si0, as the compositions of the SLS-71.9
glass cutouts differ slightly from the average composition due to the random distribution of the atoms.

followed by homogenization in the NPT ensemble for 2000 ps
at 4700 K. The system was then cooled to 300 K at a cooling
rate of 1 K/ps and relaxed at 300 K for 1000 ps in the NPT
ensemble. For the SLS-71.9 and SLS-73.3 glasses, a pressure
of 50 MPa was applied during the homogenization at 4700 K
to avoid uncontrolled expansion of the simulation box, and
the pressure was gradually released to zero during the cooling
from 4700 to 4500 K.

We then combined the silica and SLS glasses to create four
models of phase-separated glasses. By including a spherical
silica droplet of diameter (D) 2, 3, or 4 nm into the SLS-75.0
glass structure, we obtained the phase-separated SLS-75.3,
SLS-76.2, and SLS-77.7 glasses, respectively. The inclusion
of a 4-nm silica droplet into the SLS-71.9 glass structure gave
rise to the phase-separated SL.S-75.0 glass, which has nearly
the same average composition as the homogeneous SLS-75.0
glass. The compositions of all glasses can be found in Table 1.

We followed the approach of Urata er al. [37] when
combining the glass structures as described in detail in the fol-
lowing. First, a sphere (D = 2, 3, or 4 nm) was extracted from
the silica glass. All silicon atoms within D were extracted,
while the cutoff diameter for oxygen was adjusted to retain
the composition (SiO;) in the spherical cutout. A cavity was
created in the cubic SLS glass structure (side length of 6.6 nm)
by removing a sphere of diameter D 4 0.26 nm. The radius of
the cavity was made 0.13 nm larger than the silica sphere to
avoid placing atoms in too close proximity to each other when
combining the structures. To ensure charge balance, the cutoff
diameter for sodium was adjusted to remove an even number
of sodium atoms, and the cutoff diameter for oxygen was
adjusted to ensure that the number of removed oxygen atoms
matched the number of removed cations. The spherical silica
cutout was then inserted into the cavity in the SLS glass. The
combined structure was subjected to an energy minimization
and then annealed at 1000 K for 500 ps in the NPT ensemble
to ensure proper fusion of the two glass phases. The structure
was then cooled to 300 K at 1 K/ps and relaxed at 300 K
for 1000 ps in the NPT ensemble. Afterward, we produced
homogeneous glass structures of the SLS-75.3, SLS-76.2,

and SLS-77.7 systems. The glass formation procedure was
identical to the melt-quench procedure described above, with
the use of the phase-separated glasses as the initial structures
instead of the randomly created configurations.

To investigate the effect of cooling rate on the glass struc-
ture, we prepared homogeneous SLS-75.0 and silica glasses
using cooling rates of 100, 10, 0.1, and 0.01 K/ps following
the same procedure as described above. Due to the computa-
tional cost of using lower cooling rates, only two repetitions
were made of the glasses quenched at cooling rates of 0.1
and 0.01 K/ps and the system size of the glasses quenched
at 0.01 K/s was reduced to approximately 4000 atoms. These
glasses of different cooling rates were only used for structural
characterization. Similarly, the finite-size effect was exam-
ined by preparing homogeneous SLS-75.0 and silica glasses
of different system sizes and investigating their mechanical
properties. Systems of approximately 2500, 5000, and 10 000
initial atoms were simulated in addition to the previously
described system size of 20 000 atoms.

C. Structural characterization

To characterize the local structure around the silicon atoms,
the silicon coordination number and Q" distributions were
calculated. The coordination number of each silicon atom was
computed as the number of oxygen atoms within the first
coordination shell (using a cutoff of 2.25 A [26)), thus the
silicon atom can be considered bonded to these oxygen atoms.
The oxygen atoms are so-called bridging oxygens if they form
bridges in the glass network by bonding to two silicon atoms
(i.e., having two silicon atoms within a radius of 2.25 ;\). The
silicon atoms can be characterized as different Q" units, where
n denotes the number of bridging oxygens bonded to each
silicon atom. Here, the numbers of the different Q" units were
computed to determine the Q" distribution.

The neutron radial distribution function gn(r) and neutron
structure factor Sn(g) were computed for the homogeneous
SLS-73.3, SLS-75.0, and silica glasses obtained by MD
simulations to evaluate the structures and compare them with
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experimental neutron diffraction data. Statistical averaging
was achieved by simulating each glass structure in the NVT
ensemble for 100 ps, from which 10 structures (60 structures
in total due to the six repetitions) were sampled for compu-
tation of the partial radial distribution functions g;;(r). The
gn(r) function was then computed from the g;;(r) functions
as

er‘l,jzl cicjb
271 16 Cj

where ¢ is the atomic fraction and b is the coherent bound
neutron scattering length (5.803, 4.1491, 3.63, and 4.70 fm for
oxygen, silicon, sodium, and calcium, respectively [38]). The
gn(r) functions obtained from simulations were broadened
to enable meaningful comparison with experimental data,
as the experimental gn(r) functions are broadened due to
the finite maximum momentum transfer in the experiments
[39]. The gn(r) functions from simulations were broadened
by convolution with a Gaussian function with a full width
at half maximum of 5.437/gmax, Where gm.x is the highest
recorded momentum transfer of the experiments that have
yielded the experimental g () functions used for comparison
[40] (gmax = 15.4 A1 for the SLS glasses [36] and gmax =
45.2 A1 for the silica glass [41]). The R, factor introduced
by Wright [39],

— \/Z, 1 (gN exp(rz — 8N, %im("i))2
X =1 (gN exp(rt))

8ij(r)
b_

an(r) = ot ()

. @

was calculated to evaluate the agreement between the sim-
ulated and experimental gn(r) functions. To avoid an effect
from the ripples at low r values in the experimental data, only
the data from the start of the first peak to 10 A were used in
the calculation of R,,.

The partial structure factors S;;(¢) were computed from the
Fourier transforms of the g;;(7) functions,

)

sin (g r) sin ( o

= dn
(3)
where p is the average atomic number density [40]. The max-
imum value of integration (7, ) Was set to half of the simula-
tion box side length due to the periodic boundary conditions.
A Lorch-type window function, sin(w#/ryax )/ (77 /Fmax ), Was
used to reduce the effect of the finite cutoff in the Fourier
transform. The total neutron structure factor Sx(q) was then
computed from the S;;(g) functions,

Si(q) = 1+po/ 4 12 (g (r) — IR
0

Fmax

ZZj:l Ci Cj b
Z?/ 16 Cj

b; Sij(q)
—. 4
5T @)

Snig) =

D. Mechanical characterization

After preparing the simulated glasses, we characterized
their mechanical properties, i.e., elastic properties (Young’s
modulus E and Poisson’s ratio v) and fracture parameters
(fracture energy G¢ and fracture toughness Kj.). The average
chemical composition is constant when experimental phase
separation occurs; thus, we compare phase-separated systems

with their homogeneous counterparts of equal average com-
position. Therefore, we have characterized the mechanical
properties of both the phase-separated glasses and their ho-
mogeneous counterparts as well as the homogeneous matrix
and droplet phases to evaluate and understand the effect of
phase separation on the mechanical properties.

First, the elastic properties were determined. To avoid any
contribution from thermal fluctuations, the elastic properties
were examined at 0 K. Thus, the glass structure was first
cooled to 0 K at a cooling rate of 1 K/ps in the NPT en-
semble. The cubic structure was then subjected to tensile
deformation by straining the box in increment steps of size
Ae =0.05% until a total strain of &€ = 4% was reached.
Initially, and after each deformation, the structure was sub-
jected to an energy minimization and the stress tensor was
recorded. The structure was subjected to tensile deforma-
tion in the three spatial directions perpendicular to the box
surfaces. The nine elastic stiffness constants for tensile de-
formation C11, C12, C13, C21, C22, C23, C31, C32, and C33
were determined as the slope of the appropriate stress-strain
curves. Due to the isotropy of the homogeneous glasses
and the rotational symmetry of the phase-separated glasses,
the constants were averaged as Cj; = (Cy; + Cx + Cs3)/3
and Cjp = (C12 4+ Ci3 + Cy1 + Co3 + C31 + C3p)/6. Follow-
ing the same procedure, the structure was subjected to shear
deformations to obtain the Cy4, Css, and Cgg elastic stiff-
ness constants, which were then averaged to obtain Cy =
(Cyq + Cs5 + Ce6)/3. Young’s modulus and Poisson’s ratio
were calculated as [42,43]

(Ci1 — C12)(Cry +2C12)

E = , (5)
Cn+Ci
C
p=_2 (6)
Cih+Cn2

These equations for E and v are valid for deformation
in all directions of the homogeneous glasses due to their
isotropy, while they are valid for deformation along the
principal axes for the phase-separated glasses. However, the
phase-separated glasses are nearly elastically isotropic, as
their elastic anisotropy factor [43], i.e., Z = 2C4s/(Cy1 —
C1»), are close to unity (we found Z = 1.01 &+ 0.02, where
Z =1 would indicate an elastically isotropic system). For
this reason, the £ and v values calculated from Eqgs. (5) and
(6), respectively, are used for both homogeneous and phase-
separated glasses.

Second, the fracture behavior of precracked glass samples
was simulated, following the procedure of Brochard et al
[44]. This method has successfully been used to investigate
the fracture properties and estimate fracture toughness of var-
ious silicate glasses [45—47] and other materials [48—50] using
both reactive and fully classical potentials. The simulated
structure, either homogeneous or phase-separated glass, was
replicated into a 2 x 2 x 1 supercell of approximately 80 000
atoms (box size of approximately 13.2 x 13.2 x 6.6 nm?).
A precrack was introduced by removing atoms within the
volume of an elliptic cylinder that was orientated with the
elliptical cross section parallel to the largest faces of the
supercell. For the phase-separated glasses, different positions
of the crack relative to the particles were used as described
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in Sec. IIID. Charge neutrality was retained as previously
described for the creation of the spherical cavity in the SLS
glasses. The width of the ellipse was set to 25% of the simu-
lation box side length (approximately 3.3 nm) to ensure that
the crack was large enough to be stable but still accounted
for only a small fraction of the cross section. To ensure stress
concentration at the crack tips, the height of the ellipse was set
to 20% of its width (approximately 0.66 nm). The precracked
structure was relaxed by performing an energy minimization,
followed by 1000 ps of relaxation at 300 K in the NPT
ensemble. This was done while allowing the three box side
lengths to vary independently and thus enable the normal
stress tensor components for each spatial direction to relax to-
ward 0. Finally, a 100-ps relaxation was performed in the NVT
ensemble. During the relaxation, the introduced crack became
slightly narrower and a small number of atoms entered the
crack. Importantly, this did not result in closure of the crack
as the crack was still clearly present with an almost unaffected
shape, thus enabling the desired stress concentration at the
crack tips.

To induce crack propagation and fracture, the precracked
structure was then subjected to stepwise elongation of the
simulation box perpendicular to the crack. A strain step size
of Ae = 1% was used, and the structure was elongated until a
complete fracture of the glass was observed. Initially and after
each deformation step, the structure was relaxed for 50 ps,
followed by another 50 ps used for statistical averaging of
the stress tensor. The fracture simulation was performed in
the NVT ensemble at a temperature of 300 K. The strain
rate was found to be slow enough to ensure convergence in
the stress tensor components during the relaxation at each
deformation step, enabling an accurate measurement of the
stress required to deform the glass structure. The recorded
stress in the deformation direction (o) was used to plot the
stress-strain curve associated with the fracture simulation. In-
tegration of the stress-strain curve yielded the fracture energy
(i.e., the critical energy release rate) by

G Lx Lz f L)'vm‘dx dL (7)
cC=— (o )y
Mo Jr,, 77

where Ly, L,, and L, are the dimensions of the simulation box
along the x, y, and z directions and AA is the crack surface
area formed during fracture [51]. Fracture toughness was then
calculated using the Irwin formula in plane strain,

| Gc E
K]C = m (8)

The six repetitions yielded slightly different values of G¢
and Kj. for the same glasses, and we therefore performed
two-sample ¢ tests [52] to assess whether phase separation
increases G¢ and Kp.. Specifically, the phase-separated glasses
were compared one by one to their homogeneous counterparts
of equal composition (hence, accounting for the effect of
compositional variation). The null hypothesis was that the
mean value of G¢ (or Ki.) is not different between phase-
separated and homogeneous samples or that the homogeneous
glass has the highest mean G¢ (or Kj.). Hence, the alternative
hypothesis was that the mean G¢ (or Kj.) is highest for the
phase-separated glass. A significance level of 0.05 was used.

The fracture energy G¢ can be divided into two contribu-
tions: (i) surface energy, ys, and (ii) dissipated energy, Gyiss,
as the three energies are related through G¢ = 2y + Giss-
To quantify the brittleness of the investigated systems, we
calculated the brittleness index, B = 2y;/Gc [50]. The surface
energy was calculated from the difference in potential energy
between the precracked glass structure prior to fracture and
the final structure after full fracture [37]. The potential energy
was averaged over the 50 ps used for statistical averaging as
described previously. The difference in potential energy was
then divided by the area of the created surface, AA, to obtain
the surface energy, ys.

Finally, to investigate the buildup of stress locally in the
structures during deformation, the per-atom stress tensors
were computed during the fracture simulations. After each
deformation step and subsequent relaxation, we minimized
the potential energy of the structure and then calculated the
per-atom stress tensors. The per-atom stress tensor component
in the tensile deformation direction was then used to create
a plot of the local tensile stress. In the plane parallel to the
elliptical cross section of the crack, 100 x 100 equally dis-
tanced points (separation of approximately 1.3 A) were used
as reference points for the calculation of the local stress. The
average per-atom tensile stress of all atoms within a circle of
radius 5 A around each reference point was calculated (the
position along the third dimension was not considered; hence,
the average is calculated for the atoms within a cylindrical
volume). The overlap of the circles caused smoothing of the
resulting plots, which was found necessary to reduce the noise
to an acceptable level while maintaining good resolution.

III. RESULTS AND DISCUSSION

A. Validation of simulated homogeneous glass structures

We first validate the simulated homogeneous glass struc-
tures by comparing simulated densities with experimental
measurements. The densities of the homogeneous glass of
composition 12.5Na,0-12.5Ca0-75.0Si0, (SLS-75.0) and
the pure SiO, (silica) glass are 2.421 +0.002 g/cm® and
2.262 4 0.002 g/cm?, respectively. This is in good agreement
with the experimental densities of 2.484 g/cm?® for an SLS
glass of similar composition (15Na,O0-10Ca0-75Si0;) [53]
and 2.20 g/cm? for silica glass [54,55]. Importantly, the sim-
ulations replicate the correct trend with the modifier-rich glass
having the highest density. Next, we evaluate the short-range
structure around the silicon atoms, as described by the coor-
dination number and Q" distributions (Tables S1 and S2 in
the Supplemental Material [56]). For both the SLS-75.0 and
silica glasses, the coordination number of silicon is almost
exclusively 4 as expected; however, a few defects (<0.2%)
with coordination numbers of 3 or 5 are observed. Accord-
ingly, primarily Q* units are present in the silica glass, with
only minor fractions (<0.4%) of other Q" species present. On
the other hand, Na,O and CaO in the SLS glasses give rise to
nonbridging oxygens, resulting in significant fractions of Q°
(41%) and Q? (11%) units in the simulated SLS-75.0 glasses
besides the remaining 0* units (47%).

We evaluate the structure of the simulated SLS glasses
by comparing the neutron radial distribution functions gn(r)
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FIG. 1. Comparison of the neutron radial distribution functions gn(r) from the present MD simulations and experimental (Expt.)
neutron diffraction data for homogeneous (a) soda-lime-silica and (b) silica glasses. Experimental data for a soda-lime-silica glass of
composition 14.9Na,0-11.8Ca0-73.3SiO, (SLS-73.3) are compared to a glass of identical composition and a glass of composition
12.5Na,0-12.5Ca0-75.0Si0, (SLS-75.0). The experimental data were obtained from Refs. [36,41] and generally agree well with the

simulated structures.

[Fig. 1(a)] and the neutron structure factors Sx(q) [Fig. 2(a)]
from simulations to experimental neutron diffraction data
[36]. A glass of the SLS-73.3 composition (Table I) was
used for the experimental study [36], and this is compared
to a simulated glass of identical composition (SLS-73.3) and
the simulated SLS-75.0 glass, generally showing very good
agreement between the experimental and simulated results.
The R, factor of 5.5% for the comparison of the gn(r)
functions for the SLS-73.3 glass indicates a good replica-
tion of the experimental structure, although we note some
discrepancies in gN(r) in the 3-4.5-A range. The gn(r) func-
tion of the simulated SLS-75.0 glass is very similar to that of
the simulated SLS-73.3 glass, yet it matches the experimental
data slightly worse (R, factor of 5.8%) as expected due to
the compositional difference. The neutron structure factors
from simulations [Fig. 2(a)] show the same peaks as observed
experimentally, but they fail to fully reproduce the exact
peak positions and intensities. Comparison of the simulated
and experimental [41] neutron radial distribution function for

(a)

the silica glass [Fig. 1(b)] shows excellent agreement. The
peak positions and intensities are well reproduced, although
the peaks in the simulated data are shifted to slightly lower
r values in the 3-4.5-A range. The obtained R, factor of
5.9% verifies the good match between the experimental and
simulated structure. The experimental and simulated neutron
structure factors for the silica glass are very similar [Fig. 2(b)],
especially at high g values, indicating very good replication of
the short-range structure.

We have also investigated the effect of the simulated cool-
ing rate on the structure of the SLS-75.0 and silica glasses
(Figs. S1 and S2 in the Supplemental Material [56]). The
cooling rate affects the structure as the peak intensities in
the gn(7) and Sn(gq) functions vary, while the peak positions
appear to be unaffected. Lowering the cooling rate gives better
agreement with the experimental data for some peaks, while
other peaks are less well reproduced. Thus, the use of a lower
cooling rate that is closer to experimental rates does not sig-
nificantly improve the agreement with the experimental data.

(b)

1.5 - 1.5
1.0 - 1.0
G G
4 ~ z -
%) v
05— f 1 0.5 -
/i —— MD SLS-75.0
1/ MD SLS-73.3 i
S Expt. SLS-73.3
0.0 — T 0.0
0 3 6 9 12 15 0
q (A q (A7)

FIG. 2. Comparison of the neutron structure factors Sx(g) from

the present MD simulations and experimental (Expt.) [36,41] neu-

tron diffraction data for homogeneous (a) soda-lime-silica and (b) silica glasses. Experimental data for a soda-lime-silica glass of
composition 14.9Na,0-11.8Ca0-73.3SiO, (SLS-73.3) are compared to a glass of identical composition and a glass of composition
12.5Na,0-12.5Ca0-75.0Si0, (SLS-75.0). The simulated data for the silica glass agree very well with the experimental data, while the
simulated data for the soda-lime-silica glasses show some differences with respect to the peak intensities, but the correct peaks are observed at

the expected positions.
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(a) SLS-75.3-2nm

(b) SLS-76.2 — 3 nm

(d) SLS-75.0—4 nm

(c) SLS-77.7 -4 nm
o

FIG. 3. Simulated structures of phase-separated soda-lime-silica glasses with silica inclusions. The SLS-75.3 (a), SLS-76.2 (b), SLS-77.7
(c), and SLS-75.0 (d) glass systems contain silica droplets of diameters 2, 3, 4, and 4 nm, respectively, corresponding to volume fractions of the
silica phase of 1.5, 5.0, 12.0, and 12.0%, respectively (see details in Table I). The colors of the atoms represent the atom type (red is oxygen,
blue is silicon, green is sodium, and yellow is calcium) and we note that the atoms within the silica droplets are enlarged for clarity.

Overall, the glass structures from MD simulations of both SLS
and silica glasses generally match the experimental diffraction
data, suggesting that the utilized potential and simulation pro-
cedure yield glasses with realistic structures.

B. Phase-separated glasses

To assess the effect of phase separation on mechani-
cal properties, we have simulated four phase-separated SLS
glasses with spherical silica nanodroplets of varying sizes
(Fig. 3 and Table I). During the annealing following the merg-
ing of the two glass phases, structural rearrangements occur
at the interface between the two phases. The unrealistic local
atomic structures that exist prior to annealing in the interface
region are removed, as the final glass consists of almost ex-
clusively (>99.9%) fourfold coordinated silicon atoms. As
some diffusion of sodium and calcium atoms occurs, we have
quantified the compositional variation in the phase-separated
glasses (Fig. S3 in the Supplemental Material [56]). We ob-
serve that the center of the particles is pure silica and the
SLS matrix retains its composition, while a transition region

is formed in between. In this interface, sodium, and to a lower
extent calcium, diffuse into the silica phase, resulting in a
compositional gradient over approximately 0.5 nm. We note
that experimental phase separation in SLS glasses results in
droplets of almost, but not completely, pure silica [17,57];
thus, some diffusion of sodium and calcium is acceptable.
We note that the densities of the phase-separated glasses after
annealing and subsequent quenching are slightly higher than
those of the homogeneous glasses of equal average compo-
sition [Fig. 4(a) and Table II], indicating proper removal of
the narrow void between the particle and matrix that was
introduced during the preparation procedure.

It should be noted that the coefficient of thermal expansion
(CTE) is different for the two phases in the phase-separated
glasses. This can lead to internal residual stresses during cool-
ing in both experiments and simulations, as internal stresses
can only relax at high temperatures, while not at lower temper-
atures. The CTE of silica glass is lower than that of SLS glass
[24], which is also observed in our simulations when quench-
ing the homogeneous glasses; thus, the internal stresses can
put the silica droplets under compression and the matrix under

(a) 2451 (b)100
A\
N 244 §4nm A Homogeneous /A
Qo o @ Phase-separated et
2404 A 2.42- Ii* @3nm Aom 90 7
8 535 0] - 8 g o ps
[) AN T T T T g e 4nm§
= .75 76 77 T8 L’ i hp
QU A w 1 e 4nm -
S Rl 684 T2nmi- *
2.304 ‘\\ 70 4 gx J ,’T3nm
| A Homogeneous A ) /ﬁ 66
@ Phase-separated TA A e
25— 60 -0 T T
70 75 80 85 90 95 100 70 75 80 85 90 95 100
Xgi0p (MOI%) Xsi0 (MOI%)

FIG. 4. Compositional dependence of (a) density p and (b) Young’s modulus E. xs;0; is the mole percentage of silica, i.e., the average
compositions of the glasses are (50 — xsio, /2)Na,O—(50 — xsio, /2)CaO—-xsio, SiO,. The insets show enlarged views in the 75-78 mol % silica
range. The red circles and blue triangles represent the phase-separated and homogeneous glasses, respectively, where the droplet diameters are
indicated for the phase-separated glasses in the insets. The error bars represent the standard deviation, and the error bars for each point are
shown once, either in the inset or the full plot. The dashed lines represent the linear fits between the data points of the homogeneous SLS-75.0

and silica glasses.
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TABLE II. Density (p), Young’s modulus (E), and Poisson’s ratio (v) for the homogeneous and phase-separated glasses (see details of the
glass systems in Table I). The droplet diameter (Dgroplet) is indicated for the phase-separated systems. The average standard deviation for p, E,

and v are found to be 0.003 g/cm?, 0.7 GPa, and 0.003, respectively.

Homogeneous glasses

Phase-separated glasses

P E v Ddroplel P E v
Glass ID (g/cm®) (GPa) ) (nm) (g/cm?) (GPa) )
SLS-71.9 2.443 63.2 0.238
SLS-75.0 2.421 66.0 0.231 4 2.435 67.3 0.238
SLS-75.3 2416 65.7 0.228 2 2.420 66.6 0.233
SLS-76.2 2.410 66.5 0.229 3 2421 67.5 0.235
SLS-77.7 2.401 67.6 0.228 4 2.417 69.4 0.233
Silica 2.262 98.8 0.217

tension. Such internal residual stresses can cause microcrack-
ing in glass ceramics and thus affect fracture toughness [58],
and this is also expected to be relevant for phase-separated
glasses. Microcrack toughening increases fracture toughness;
however, internal residual stresses can also have no or a nega-
tive effect on fracture toughness for glass ceramics [59,60]. In
the analysis of the local stress (Sec. III D 3), we have not ob-
served differences in the local stress in relation to the droplets
before straining the structure (see Fig. S4 in the Supplemental
Material [56]). As such, we do not consider this effect further
in the current study.

C. Elastic properties

Before assessing the fracture dynamics of the glass sys-
tems, we focus on the elastic properties of the simulated
glasses. Hence, we also evaluate the ability of the chosen
MBD potential to describe the mechanical properties. Specif-
ically, Young’s modulus (£) and Poisson’s ratio (v) have been
estimated for the simulated glasses [Table II, Fig. 4(b), and
Fig. S5 in the Supplemental Material [56]]. The simulated
values for the homogeneous SLS-75.0 glass (E = 66.0 +
0.4 GPa and v = 0.231 £ 0.002) are found to be in fair agree-
ment with experimental data for a glass of similar composi-
tion (E = 71.4 GPa and v = 0.22, 15Na,0-10Ca0-75Si0,
[53]). However, some deviations are observed when com-
paring the experimental data for the silica glass (E =
71.5-73.8 GPa and v = 0.16-0.176 [54,55,61]) with the sim-
ulated Young’s modulus (E = 98.8 £ 0.5 GPa) and Poisson’s
ratio (0.217 4+ 0.002), i.e., the simulated silica glass shows
higher Young’s modulus and Poisson’s ratio than observed
experimentally. We note that the estimated Young’s modulus
and Poisson’s ratio values for the phase-separated glasses
are slightly higher than for the corresponding homogeneous
glasses of equal average composition (see Fig. S6 in the Sup-
plemental Material [56]).

D. Fracture toughness and crack propagation

In the following section, we focus on the fracture me-
chanics of the simulated homogeneous and phase-separated
glasses, investigating how a preexisting crack propagates
during tensile deformation. By replication of the four phase-
separated glasses (see Table I and Fig. 3) into 2 x 2 x
1 supercells and insertion of a precrack between two particles

in each glass, we obtained precracked structures as shown
in Figs. 5(a)-5(c). Due to the heterogeneity of the phase-
separated glasses, the position of the precrack influences the
crack propagation. We have thus investigated four different
positions of the crack relative to the positions of the droplets
for the system with 3-nm droplets, i.e., the SLS-76.2 glass (see
crack positions A, B, C, and D in Fig. 5).

Tensile deformation of all precracked glasses (homoge-
neous or phase separated) has been simulated to investigate
their fracture properties. When stretching a glass by forced
elongation of the simulation box, the glass first deforms elas-
tically without crack propagation. At higher strains, the crack
starts to propagate as atomic rearrangements occur near the
crack tips, leading to widening of the crack. Such limited
crack propagation can be seen in Figs. 6(a) and 6(d) for strains
of 13%. This is followed by a sudden fracture that divides the
glass into two pieces, although a few atomic bridges between
the fracture surfaces remain. Such atomic bridging has previ-
ously been observed during simulated fracture of silica glass
[62] and other silicate glasses [45]. Snapshots of the structures
during deformation are shown in Fig. 6 and more examples
can be found in Figs. S7-S10 in the Supplemental Material
[56].

The stress is measured to obtain stress-strain curves (Fig. 7)
for the tensile deformation of the precracked glasses. The ini-
tial elastic deformation leads to a fairly linear rise in the stress
until the yield point is reached, at which the stress levels off
and then slightly decreases due to plastic deformation and lim-
ited crack propagation. A sudden drop in the stress is observed
when the glass fractures, and the low-stress tail reaches zero
when the atomic bridges break at higher strains. The glasses
generally experience brittle fracture due to the sudden fracture
and stress decrease, although some degree of nanoductility is
observed from the structural rearrangements before fracture
and the later formed atomic bridges. Nonetheless, we use the
term fracture strain to describe the strain at which the stress
rapidly decreases due to fracture. The fracture energies have
been computed by integration of the stress-strain curves (see
Computational Methods) and the fracture toughness of the
various glass system have been calculated (Table III).

1. Homogeneous glasses

First, one may note how the fracture behavior of the
homogeneous SLS and silica glasses varies significantly.
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a)2nm crack position A

X

(c) 4 nm — crack position A

FIG. 5. Atomic configurations of the different structures (each with approximately 80000 atoms) before being subjected to fracture
simulations. The droplet size (diameters of 2, 3, and 4 nm) and position of the precrack relative to the droplets (crack positions A, B, C,
and D) have been varied to investigate the effects hereof on crack propagation and fracture toughness. Two glasses containing 4-nm droplets
(SLS-75.0 and SLS-77.7; see details in Table I) have been investigated using crack position A since the composition of their matrix phases
differs, but only the structure of a phase-separated SLS-77.7 glass is shown (subfigure c). The atoms in the silica droplets are enlarged and the
colors represent the atom type (red is oxygen, blue is silicon, green is sodium, and yellow is calcium).

The silica glass has the steepest stress increase (Fig. 7,
gray curve) due to its higher elastic moduli, which causes
the silica glass to reach higher maximum stress before
fracture, showing that the silica glass is the strongest.
The initial steepness of the stress-strain curve and the
maximum stress decreases with increasing modifier content
(Na,O and CaQ), while an increase in fracture strain is
seen for increasing modifier content. Furthermore, the
SLS glasses are more ductile at the nanoscale than the
silica glass as their brittleness indexes (Table III) are
lower, indicating a larger proportion of dissipated energy.
The reported experimental fracture toughness (Kj.) and
fracture energy (Gc) of silica glass are 0.73-0.80 MPa m'/?
and 8.81J /mz, respectively [4,63], while the simulations
yield values of 0.89 +0.02 MPa m'/? and 7.9 + 0.4 J/m?,
respectively. The overestimation of the fracture toughness
is mainly caused by the overestimated Young’s modulus, as
mentioned previously. The estimated fracture toughness and
fracture energy of the SLS-75.0 glass are Kj. = 0.69 & 0.03
MPa m'/? and Gc = 6.7+ 0.5 J/m?, respectively. To our
knowledge, the fracture toughness of this glass has not
been measured experimentally, but Kj. values have been
reported for similar SLS-type glasses, i.e., 0.67 MPa m'/?
(13Na,0-0.4K,0-8.8Ca0—4.3Mg0-0.6A1,03-72.7Si0,),

0.70 MPa m'/? (13.4Na;0-9.6Ca0-4Mg0O-0.6A1,05—
728i0,), and 0.68-0.72 MPa m'/? (13Na,0-10CaO-6MgO-

71Si0;) [4,64]. Noting the differences in composition, the
simulated K. values for SLS-75.0 and the other SLS glasses
are in very good agreement with the experimental data.

The effect of the simulated system size on mechanical
properties has been investigated for the homogeneous SLS-
75.0 and silica glasses (Fig. S6 in the Supplemental Material
[56]). Reducing the number of simulated atoms by a factor
of 2, 4, or 8 does not significantly change the density, elastic
properties, or fracture properties, although higher standard
deviations are seen for the smaller system sizes, as expected.
Thus, we find the used simulation procedure to be applicable
and not depend on the system size in this range.

2. Effects of matrix composition and droplet size

Next, we focus on the effect of phase separation on the
fracture behavior, starting with the systems of crack position
A but of varying matrix compositions and droplet diameters.
First, we note how the silica inclusions affect the fracture
behavior of the glasses as seen from the fracture simulation
snapshots and stress-strain curves in Figs. 6 and 7, respec-
tively. More atomic snapshots are shown in Figs. S7-S10 in
the Supplemental Material [56]. When the crack is located be-
tween two droplets (crack position A), it can be observed how
the crack is arrested at the droplets when straining the struc-
ture. For the 4-nm droplet systems (SLS-75.0 and SLS-77.7)
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(a) SLS-75.0 Hom.

(b) SLS-75.0 PS,
crack position A

13% strain 0% strain

18% strain

(d) SLS-76.2 PS,
crack position C

(c) SLS-76.2 PS,
crack position A

FIG. 6. Atomic configuration snapshots during fracture at different strain values for four exemplary glasses, namely (a) homogeneous
(Hom.) soda-lime-silica glass of composition 12.5Na,0-12.5Ca0-75.0Si0, (SLS-75.0), (b) phase-separated (PS) SLS-75.0 glass with 4-nm
droplets and crack position A, (c) phase-separated SLS glass of composition 11.9Na,0-11.9Ca0-76.2S5i0, (SLS-76.2) with 3-nm droplets
and crack position A, and (d) phase-separated SLS-76.2 glass with 3-nm droplets and crack position C. The crack positions are illustrated in
Fig. 5. The top row shows the elliptical precracks of their original shape at zero strain. First, the crack is opened without propagation of the
crack until a strain of roughly 13%, at which the crack starts to propagate, and finally the glass experiences complete fracture. A few atomic
bridges can be seen between the fracture surfaces and these break at higher strains. Atomic snapshots during fracture are shown in Figs. S7-S10
in the Supplemental Material [56] for all investigated homogeneous and phase-separated glasses.

where the crack tips are located at the droplets at zero strain,
no crack propagation is observed at the strain values where
it has initiated in the homogeneous glasses, i.e., crack arrest
is observed (Figs. 6(a) and 6(b) and Figs. S8(c) and S9(d) in
the Supplemental Material [56]). For the 3-nm droplet system
(SLS-76.2) shown in Fig. 6(c), the crack can propagate a
short distance through the SLS phase but is then arrested at
the droplets. Following the crack arrest in all systems, the
crack propagation continues at higher strain values and the
glass eventually fractures. Here, the crack is either diverted
around the droplets or alternatively traverses one or both of
the droplets. The crack propagation traversing a droplet can
either (i) divide the droplet into two parts of similar size or
(ii) be deflected, resulting in the splitting of the droplet into
two parts of significantly different sizes. As different crack
propagation paths are seen for the six independent repetitions
of each fracture simulation, we quantify how frequently the

crack is either diverted or deflected at the particles. By visual
examination of the fractured structures (see Fig. S11 in the
Supplemental Material [56]), we find that the crack is either
diverted or deflected at about 90, 60, 75, and 60% of the
particles in the SLS-75.0, SLS-75.3, SLS-76.2, and SLS-77.7
glasses, respectively.

The effect of the presence of droplets on fracture is also
reflected in the stress-strain curves. Figure 7(a) shows the
stress-strain curves from the fracture simulations of the homo-
geneous and phase-separated SLS-75.0 glasses. Additionally,
the stress-strain curves for the two glass phases (SLS-71.9 and
silica) that are present in the phase-separated SLS-75.0 glass
are shown. The stress-strain curve for the phase-separated
SLS-75.0 glass initially follows that of the homogeneous
SLS-75.0 glass, yet, the phase-separated glass reaches higher
maximum stress and fractures at a higher strain, which we
ascribe to the crack arrest and diversion/deflection phenomena
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FIG. 7. Stress-strain curves from the fracture simulations of ho-
mogeneous and phase-separated glasses. The details of the different
glasses are given in Table I, and the crack positions (A-D) for
the phase-separated glasses are shown in Fig. 5. (a) Stress-strain
curves for fracture of homogeneous and phase-separated SLS-75.0
glasses, as well as for the two phases of the phase-separated SLS-
75.0 glass, i.e., SLS-71.9 and silica. (b) Stress-strain curves for
the phase-separated glasses of identical matrix composition (SLS-
75.0) and varying droplet sizes of 2, 3, and 4 nm for SLS-75.3,
SLS-76.2, and SLS.77.7, respectively. The glasses were fractured
using crack position A, i.e., the precrack was located between two
droplets. Furthermore, the curves for the homogeneous glasses of
identical average compositions are shown. (c) Stress-strain curves
for the phase-separated SLS-76.2 glasses with 3-nm silica droplets
for various positions of the crack, as well as for the homogeneous
glass of identical average chemical composition.

described above. The larger area under the stress-strain curves
upon phase separation leads to an increase in both the esti-
mated G¢ (14%) and Ki. (8%) values (Table III and Fig. 8),
thus showing toughening by nanoscale phase separation.
Toughening by phase separation is also observed for the

SLS-77.7 glass as seen from the G¢ and Kj. values (increased
by 14 and 9%, respectively). The phase-separated SLS-77.7
glass is identical to the phase-separated SLS-75.0 glass except
for the difference in matrix phase composition, and similar
toughening mechanisms are observed as both of the phase-
separated systems exhibit higher maximum stress and fracture
strain than their homogeneous counterparts. We note that the
difference in composition of the two phase-separated systems
leads to generally higher G¢, K., and maximum stress val-
ues but lower fracture strain values for the more silica-rich
SLS-77.7 system, similar to the observed trends for the homo-
geneous glasses (Sec. IIID 1). We find it noticeable that the
fracture strain values of both the phase-separated SLS-75.0
and SLS-77.7 glasses are higher than those of their homoge-
neous counterparts, their matrix phase glass, and their droplet
phase glass. Thus, the compositional variation of the phases
cannot explain the observed fracture strain increase, pointing
towards the importance of the crack arrest mechanism.

We next consider the effect of particle size on fracture
mechanics, which has been simulated for phase-separated
glasses of constant matrix phase composition, i.e., SLS-75.3,
SLS-76.2, and SLS-77.7. The initial slope of the stress-strain
curves [Fig. 7(b)] increases with higher silica content, and
the phase-separated glasses have slightly larger slopes than
their homogeneous counterparts, all due to the variations
in Young’s modulus [Fig. 4(b)]. In addition to the effect
on the elastic deformation, the presence of droplets in the
phase-separated glasses also increases the fracture strain and
maximum stress due to the observed crack arrest for the 3- and
4-nm droplet systems, ultimately toughening the systems. The
effect is more pronounced for larger silica droplets, suggesting
that these provide more effective crack arrest. The effects of
phase separation on fracture mechanics for the 2-nm system
(SLS-75.3) are relatively small, presumably because the small
droplet size (~285 atoms per droplet) causes less effective
crack arrest. Indeed, the phase-separated 2-nm system features
a lower fracture strain than its homogeneous counterpart, but
this is compensated to some degree by the larger initial stress
increase when evaluating the fracture toughness.

The estimated fracture energy and fracture toughness val-
ues for all phase-separated glasses with crack position A are
given in Table IIT and Fig. 8, showing the more effective crack
arrest by the droplets of larger size. The increase of Kj. upon
phase separation is not as pronounced as for G¢, illustrated
by the 4-nm droplets systems having G¢ values similar to
that of pure silica, while their K|, values are significantly
lower than that of silica. However, the increase in Kj. for
the phase-separated systems is significant according to the
results of the ¢ tests for the 3- and 4-nm systems (SLS-75.0,
SLS-76.2, and SLS-77.7). Thus, we have shown that changes
in the nanostructure of the SLS glass upon phase separation
can improve the fracture properties. Furthermore, we note
how the brittleness index values (Table III) for fracture of
the phase-separated glasses are slightly lower than those for
the homogeneous SLS glasses, indicating that the presence of
the droplets increases the proportion of dissipated energy and
hence the ductility.

It should be noted that the energy required to cause fracture
increases more upon phase separation than that apparently
seen from the G¢ values in Fig. 8(a). The crack diversion
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TABLE III. Fracture energy (Gc), fracture toughness (K. ), and brittleness index (B) for the homogeneous and phase-separated glasses (see
details of the glass systems in Table I). Various relative positions of droplets and precrack for the fracture simulations have been investigated
as indicated by crack positions A, B, C, and D (see Fig. 5). Furthermore, the droplet diameter (Dgropler) is indicated for the phase-separated

systems. The average standard deviation for G¢, K., and B are found to be 0.4 J/ m?, 0.02 MPa m

172 and 0.01, respectively.

Homogeneous glasses

Phase-separated glasses

GC K[c B Crack Ddroplet Gc ch B
Glass ID (J/m?) (MPa m!/?) =) position (nm) (J/m?) (MPa m'/?) -)
SLS-71.9 7.0 0.68 0.30
SLS-75.0 6.7 0.69 0.32 A 4 7.7 0.74 0.30
SLS-75.3 6.8 0.69 0.32 A 2 6.8 0.69 0.31
SLS-76.2 A 3 7.3 0.72 0.31
SLS-76.2 B 3 7.0 0.71 0.31
SLS-76.2 6.6 0.68 0.33 C 3 7.2 0.72 0.31
SLS-76.2 D 3 6.7 0.69 0.32
SLS-77.7 7.0 0.71 0.32 A 4 8.0 0.77 0.31
Silica 79 0.90 0.43

and deflection phenomena induce a larger number of broken
bonds, increasing the energy needed to fracture the glass.
However, this is not reflected in G¢ due to the longer crack
path, increasing the fracture surface area. As shown in Fig. 9,
a larger increase in G, and hence also K, is observed when
normalizing the energy by the cross-section area (correspond-
ing to a perfectly flat fracture surface) instead of the actual
rugged fracture surface area, AAy, in Eq. (7). This method
is similar to the stress-strain curve integration approach in the
work of Urata et al. [37], but here we have added a correction
for the area initially split by the precrack. This alternative
calculation includes the effect of crack diversion/deflection as
it is not canceled by the area normalization, thus showing a
greater effect of phase separation on the fracture energy and
toughness.

3. Effects of relative position of crack and droplets

As we have just shown, the silica droplets can toughen the
glasses by arresting, deflecting, and diverting the propagating

cracks. It should thus be expected that the configuration where
the crack is in between two droplets (crack position A) has
the greatest impact on the crack propagation process, as the
propagating crack will most rapidly encounter the droplets
for this crack position. In the following, we investigate the
crack propagation in SLS-76.2 glasses (droplet size of 3 nm)
using different positions of the crack relative to the droplets.
Atomic snapshots of the fracture simulations can be found in
Fig. 6 and Figs. S8-S10 in the Supplemental Material [56].
For crack position B, where the crack is positioned inside a
droplet, the crack propagates towards the single droplet in the
crack path and is then either diverted around the droplet or
traverses the droplet. For crack positions C and D, where there
are no droplets in the crack propagation path, the crack opens
and fractures the glass without any direct interaction with the
droplets.

The stress-strain curves [Fig. 7(c)] show that for crack
position A, both the maximum stress and fracture strain in-
crease as compared to the homogeneous glass of identical
composition. As previously described, this is also reflected
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FIG. 8. (a) Fracture energy G¢ and (b) fracture toughness K. for systems with crack position A (see Fig. 5) and of varying average compo-

sition. xs; o indicates the mole percentage of silica in the glass, i.e., the compositions are (50 — xsio, /2)Na,0—(50 — xsi0, /2)CaO-xsi0, Si0;.
The blue triangles represent the homogeneous glasses, and the red circles represent the phase-separated glasses where the number indicates
the droplet diameter. The error bars represent the standard deviation, and the asterisks (*) indicate that the mean value for the phase-separated
glass is higher than the mean for the homogeneous glass with the same average composition according to the ¢ tests, whereas a minus sign (—)
indicates that the null hypothesis was not rejected (see Sec. I D).
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FIG. 9. (a) Fracture energy Gc¢ and (b) fracture toughness K. values calculated using an alternative area calculation relative to the results in
Fig. 8, as we here use the area of a perfectly flat fracture surface as AA,, in Eq. (7). The values are shown for the homogeneous (blue triangles)
and phase-separated (red circles) glasses fractured using crack position A (see Fig. 5). The error bars represent the standard deviation, and
the asterisks (*) indicate that the mean value for the phase-separated glass is higher than the mean for the homogeneous glass with the same
average composition according to the ¢ tests, whereas a minus sign (—) indicates that the null hypothesis was not rejected (see Sec. II D).

in increased values of G¢ and Kj. (Fig. 10 and Table III).
The silica droplets in the glass with crack position B cause
the fracture strain to increase; however, the maximum stress
is not significantly affected. This can be explained by initial
propagation of the crack without direct interaction with the
droplets; thus, the maximum stress is almost unchanged com-
pared to the homogeneous glass. However, the crack reaches
a droplet at a higher strain, impeding the propagation and thus
causing the higher fracture strain. An increase in both G¢ and
K. is seen for crack position B compared to the homogeneous
glass (Fig. 10), but the increases are not significant according
to the ¢ tests.

The introduction of droplets that are not in the proximity
of the crack tips and crack propagation path also affects the
fracture behavior of the glasses, as investigated with crack po-
sitions C and D. Crack position C results in higher maximum
stress and fracture strain compared to the homogeneous glass
[Fig. 7(c)], with G¢ and Kj. values similar to those of crack
position A (Fig. 10 and Table III). The toughening without
direct crack-particle interactions suggests that an alternative

mechanism besides crack arrest and diversion/deflection can
induce toughening of the phase-separated glasses. On the
other hand, no major effect of phase separation on any fracture
parameters is observed for crack position D, despite minor
differences in the stress-strain curve. The comparison of re-
sults for crack positions C and D points towards a possible
explanation of the toughening effect, as differences in the
stress field upon straining are observed due to the presence
of two phases with different properties.

Therefore, we investigate the distribution of local stress
during the fracture simulations in the following. The local
average per-atom tensile stress along the direction of deforma-
tion is shown for the homogeneous SLS-76.2 glass at different
strain values in Fig. 11. Minor local variations in the stress can
be seen at zero strain, but tensile stress is then progressively
built up when straining the structure to 5 and 10%. Stress con-
centration at the crack tips is observed and regions of lower
tensile stress are seen near the faces of the crack [blue regions
seen above and below the crack in Fig. 11(c)]. At 18% strain,
the glass has experienced fracture and the stresses are thus
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FIG. 10. Dependence of (a) fracture energy G¢ and (b) fracture toughness K. on the crack position (see Fig. 5) for the simulations of the
SLS-76.2 glass (11.9Na,0-11.9Ca0-76.25i0,) containing droplets of 3-nm diameter. The red circles represent the phase-separated glasses,
and the blue triangles represent the homogeneous glass with identical average composition. The error bars represent the standard deviation,
and the asterisks (*) indicate that the mean value for the phase-separated glass is higher than the mean for the homogeneous glass according to
the ¢ tests, whereas a minus sign (—) indicates that the null hypothesis was not rejected (see Sec. I D).
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FIG. 11. Local average per-atom stress in the deformation direction in the homogeneous SLS-76.2 glass at different strain values. The
tensile stress increases when the glass is strained (subfigures b and c) until fracture occurs at around 13% strain, after which significant stress
levels are only present at atomic bridges between the two fracture surfaces (subfigure d). The white ellipse shows the initial position of the
crack and the white pixels for 18% strain represent points where no or only a few atoms were located within the cylindrical volume used to
calculate the average per-atom stress. The color scale represents the values in the range from zero stress to an arbitrarily chosen tensile stress
(positive values), thus coloring values outside this range (including compressive stresses) as the endpoints of the scale. The same color scale is

used for all subplots (a)—(d) as well as in Fig. 12.

again close to zero throughout the glass, except for the stress
at the remaining atomic bridges. Figure 12 shows the local
tensile stress for the phase-separated SLS-76.2 glasses (3-nm
droplets) at a constant strain of 10%, i.e., prior to fracture for
all structures. All these glasses exhibit stress concentration
at the crack tips, similar to the homogeneous SLS-76.2 glass
(Fig. 11). The illustration reveals how the droplets affect the
stress field by forming new regions of high stress in addition
to the stress at the crack tips, namely bands of high stress
orientated along the deformation direction and overlapping
with the droplets (seen as vertical bands of higher stress in
Fig. 12). These bands are formed as a consequence of the
higher Young’s modulus of the silica droplets, and they can
explain the difference in fracture behavior between crack po-
sitions C and D. Two droplets are located close to the crack
faces for crack position D, thus promoting an opening of the
crack due to the overlap of a high-stress band and the crack.
This explains the slightly lowered maximum stress for crack
position D [Fig. 7(c)], as the crack starts propagating at a

(a)

lower strain. However, no overall effect on G¢ and K. is
observed when comparing with the homogeneous glass. The
lower maximum stress is compensated by a slower decline of
the stress, which can be explained by the difference in the
phase, in which the crack is propagating. The matrix phase
of the phase-separated glass is more modifier rich than the
homogeneous glass, leading to lower brittleness (Table IIT)
and increased fracture strain [Figs. 7(a) and 7(b)] of this
phase. For crack position C, the two stress bands caused by
the droplets do not overlap with the crack; hence, the stress
is built up around the crack. At the same time, the stress
that contributes force to the opening of the crack is reduced
compared to the homogeneous glass. This is due to the lower
Young’s modulus of the matrix phase, as a consequence of its
higher modifier content [Fig. 4(b) and Table II]. These effects
on the distribution of local stress lead to higher fracture energy
and toughness for crack position C, as the crack is shielded
from the stress in this system. This mechanism of altering the
stress field provides an alternative toughening mechanism to

Oy

we ’

-_—

Local tensile stress (arb. units)

Crack position A Crack position B

FIG. 12. Local average per-atom tensile stress at 10%

Crack position C

o

Crack position D

strain (prior to fracture) of phase-separated SLS-76.2 glasses

(11.9Na,0-11.9Ca0-76.2Si0,) containing droplets of 3-nm diameter, but with varying crack position. The white ellipse shows the initial
position of the crack and the black circles show the approximate positions of the silica droplets. The color scale represents the values in the
range from zero stress to an arbitrarily chosen tensile stress (positive values), thus coloring values outside this range (including compressive
stresses) as the endpoints of the scale. The same scale is used for all four subplots as well as in Fig. 11.
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the one based on crack arrest, deflection, and diversion that is
encountered when the droplets are in the direct vicinity of the
crack path.

E. Implications for future experimental investigations

To the authors’ knowledge, the effect of phase separation
on fracture toughness has not been experimentally investi-
gated for SLS glasses, but our findings encourage such studies
of toughening by nanoscale droplet formation. We have found
that the direct crack-particle interactions (crack arrest, deflec-
tion, and diversion) are considerably more efficient for larger
particle sizes, suggesting that experimental studies should
aim at maximizing the droplet size, yet keeping the droplets
significantly smaller than the wavelength of visible light to re-
tain transparency. Furthermore, the number of droplets should
also be considered, as crack arrest events are more likely to
occur for a larger number of particles. Thus, if the droplet
size is increased due to a coarsening process that reduces the
number of droplets, this might lead to a less effective tough-
ening effect. Crack propagation was observed to preferably
occur in the matrix phase of phase-separated SLS glasses,
in agreement with the observations of Tang et al. [16] for
droplets of higher stiffness. Thus, the matrix phase should
preferably be optimized to be intrinsically tough, enhancing
overall toughness. We note that the simulated droplet sizes
(diameters of 2, 3, and 4 nm) are smaller than the droplets
observed in an experimental study of phase separation in SLS
glasses [17], although the size estimation in this study was
limited by the microscope resolution. Formation of droplets
with an average diameter of 25 nm was observed in a glass of
the SLS-75.0 composition upon heat treatment at 640 °C for 1
h, yet heat treatments of shorter duration or lower temperature
should form smaller droplets, approaching the droplet sizes
investigated in this study.

IV. CONCLUSIONS

Using atomistic simulations, we have studied the fracture
behavior of soda-lime-silica glasses with embedded glassy
silica nanodroplets and demonstrated a toughening effect by
the droplets. The investigated systems mimic the structure
of phase-separated soda-lime-silica glasses, thus showing the
potential of toughening glasses by nanoscale phase separation.
The crack propagation path is affected by crack arrest, crack
deflection, and crack diversion when a propagating crack in
the soda-lime-silica glass matrix encounters a glassy silica
droplet, increasing the fracture energy and fracture toughness
of the phase-separated glasses. Other toughening effects have
been described besides the direct crack-particle interaction,
as the heterogeneous nanostructure of the phase-separated
glasses results in a less brittle matrix and alterations of the
stress field. An altered stress field has been demonstrated
to induce toughening by allowing stress buildup around the
crack without promoting the opening of the crack. However,
the alteration of the stress can have the opposite effect for
other relative positions of droplets and crack. Further work
is required to understand the effect of this mechanism on the
fracture toughness of phase-separated glasses with randomly
distributed droplets.

The data supporting the results within this paper are avail-
able from the corresponding author upon reasonable request.
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