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Glassy silicates are substantially weaker when in contact ith aqueous electrolyte
solutions than in vacuum due to chemical interactions with gexisting cracks. To
investigate this silicate weakening phenomenon, classitamolecular dynamics (MD)
simulations of silica fracture were performed using the barorder based, reactive force
eld ReaxFF. Four different environmental conditions wergvestigated: vacuum, water,
and two salt solutions (1M NaCl, 1M NaOH) that form relatiwehcidic and basic solutions,
respectively. Any aqueous environment weakens the silicajith NaOH additions resulting
in the largest decreases in the effective fracture toughnes(eKc) of silica or the loading
rate at which the fracture begins to propagate. The basic soition leads to higher surface
deprotonation, narrower radius of curvature of the crack g, and greater weakening
of the silica, compared with the more acidic environment. Té results from the two
different electrolyte solutions correspond to phenomena lbserved in experiments and
provide a unique atomistic insight into how anions alter thehemical-mechanical fracture
response of silica.

Keywords: fracture, silica, molecular dynamics simulation, di ssolution, electrolytes

INTRODUCTION

The environmental impact of salt solutions on fracture hasrbeell-established in both crystalline
(Atkinson and Meredith, 1981; Dove, 19%nd glassy material$\(ederhorn and Johnson, 19).3
The subcritical fracture velocity in silicate glassesaases when in contact with both high and low
pH solutions, with acidic conditions resulting in less extre changes\Wiederhorn and Johnson,
1973. This has been attributed to two di erent mechanisms thatsa subcritical fracture growth,
as outlined byDove (1995)The rst reaction mechanism is facilitated by a water male¢which
forms atemporary hydrogen bond with the siloxane (Si-O-8i)gen and weakens the Si-O linkage
until the bond is broken (Equation 1). This is often referréul as the acidic site, because an
hydrogen from the water molecule is transferred to the oxyigethe siloxane bond during rupture
(White et al., 198) The result is the formation of two surface silanol groupstigh consumption

of a water molecule:

>Si O Si< CH,OD2>Si OH @
where> and< indicate surface bound species. The second pathway isdémiliby an OH ion

that forms a temporary over-coordinated silicon until the@ibond is su ciently stretched for
Si-O bond breakage (Equation 2). This allows for the elextito transfer from the siloxane to an
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adjacent  oxygen, weakening the siloxane  bondecent work on simulation of sodium hydroxide adsorption on
(White et al., 198y silica surfacesKimsza et al., 2013bas well as silica fracture
in vacuum Rimsza et al., 201Yband in the presence of
>Si O Si< COH D>Si OHC >sSi O (2) water Rimsza et al., 201R3awe are now able to investigate
how electrolyte solutions impact silica fracture with suesit
The result is the formation of one neutral (Si-OH) and accuracy to make mechanistic statements on the role of dnere
one deprotonated (Si-O) silanol group. Computationally, saltsolutions. This s, to the best of our knowledge, the steidy
signi cant research has been performed to distinguish dimtre to investigate the impact of coupled stress and chemicaliretyct
mechanisms for silanol bond breakage in the presence of waten silica fracture in an electrolyte solution using reactive MD
(Rimola and Ugliengo, 2008; Morrow et al., 2009; Kubicki et alsimulations. This closes a critical gap in our understagdof
2012; Zapol et al., 2013; Kagan et al., 2014; Lowe et al., 208ifica fracture mechanisms, that until now was beyond tlapec
Rimsza and Du, 2015; Rimsza J. M. et al., 20The exact of both experimental and computational methods.
intermediates and their relative stabilities are still endliebate, Here, simulations of silica fracture are performed with four
o0 ering the explanation that both mechanisms may be occurringdi erent environmental conditions: vacuum, water, and two
or, more generally, that a variety of reaction pathways ardi erent electrolyte solutions (1M NaCl, 1M NaOH). The
available Du and Rimsza, 20)7 systems are analyzed for structural features, includindasar
In both experimental \(Viederhorn and Johnson, 19yand  con gurations, solution composition, and connectivity,asll as
computational Zapol et al., 201)3studies the response of silica mechanical properties such as e ective fracture toughnesgjeK
to electrolytes is pH dependent. Reactions between the gldss arhis provides evidence for di erences in fracture mechanisms
water at the crack tip can result in localized pH's in the fraet between NaCl and NaOH solutions, and how anions alter
volume, due to hydroxyl (-OH) exchange between the solutiorthemical-mechanical fracture of silicates.
and the glassWiederhorn and Johnson, 19Y.3herefore, when
comparing di erent solutions, the concentration of OHneeds
to be considered. Dove hypothesized, in the context of tteovsi METHODS
state theory, that the increased crack velocity in basiditimms . . .
is due to increased attempt frequency facilitated by thétgiif ~ R€active Molecular Dynamic Force Field
the OH ion to di use to the crack tip Pove, 199% Thiseect (ReaxFF)
is assumed to dominate the small change in reaction enthalpy f Investigating the chemical-mechanical of silica requief®orce
the water-mediatedove, 1995Equation 1) vs. the hydroxide- eld which both correctly estimates the mechanical properties
mediated Dove, 1995Equation 2) reaction. Additionally)/hite  of silica and the water/electrolyte interaction with the swoé.
et al. (1987)hypothesized that the cations with OHin their  Very few MD force elds exhibit both capabilities. These incud
rst solvation shell could keep OH from accessing the crack tip, one (Miahadevan and Garofalini, 20pWhich is an adaptation
thereby altering the fracture mechanism. The con ned getisne  of a dissociative water force eld3uillot and Guissani, 2001
of acrack tip is also unusual, with the water or electrolgieson  and the other, a bond-order based force eld (ReaxF#n(
becoming increasingly con ned as the solution enters thegee  Duin et al., 2003; Fogarty et al., 2010; Pitman and Van Duin,
like fracture volume. This causes challenges in analysisgsi 2012; Yeon and van Duin, 20Ll5ReaxFF allows for the
crack tips represent a small percent of the total volume oflissociation and creation of chemical bonds and redistiifmubf
a system, and are distinctly di erent from more traditionall charges through environmentally dependent charge equilibr
studied con ned geometries, such as slit porBsifnaud et al., methods. Previous studies have used the Yetn( and van
2010; Ho et al., 2011; Bourg and Steefel, 012 Duin, 2015 and the Pitman Pitman and Van Duin, 2012
Because crack tips are a small fraction of macroscopic systeparametrizations of ReaxFF to investigate silica surfaceysse
and are dicult to analyze experimentally, simulations have(Rimsza et al., 2017a; Yu et al., 20a48d the Fogarty Kogarty
been used to investigate fracture properties of silica in thet al., 201pparameterization to calculate mechanical properties
presence of water. Until recently, the application of moleculafYu et al., 201 For this work, the Yeon version of ReaxFF
dynamics (MD) simulations has been limited because few forceas selected because it is a reparametrization of the Fogarty
elds have the functionality to simulate proton transport in version thatimproves the energetics of water-surface icteras
water (Viahadevan and Garofalini, 20p@nd even fewer have (Rimsza J. M. et al., 20),6which are critical to chemical-
relevant functionality with electrolyte solutions. At tteame mechanical fracture. Additionally, our previous investigas
time, applications of more accurate electronic structurelmds  of silica fracture toughness (K) process zone size, and radius
such as density functional theory (DFT) have had diculty of curvature Rimsza et al., 201)thave been consistent with
simulating the large number of atoms required to encompasexperiment. Some concerns have been raised surrounding the
the farther reaching e ects of fracture, such as the nanometeover estimation of bulk modulus of-quartz, reported as 602
sized process zoneé €larié et al., 2007; Rimsza et al., 2017b GPa byYu et al. (2018)Elastic constants for the Yeon ReaxFF
Recently, the development and subsequent parameterization pérametrization were calculated aPE76.1 0.3 GPa, KD 55.2
the bond order, reactive force eld ReaxHFoQarty et al., 2010; 5.2 GPamD 21.8 0.8 GPa, anah D 0.32 0.02 for the
van Duin et al., 2013; Yeon and van Duin, 2DHas allowed elastic modulus, bulk modulus, shear modulus, and Poisson's
for investigations of electrolyte-silica interactionsilBing from  ratio, respectively. Reported error is from variation in streates.
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These values do not compare exactly with experimental results
(ED 73.1 GPa, KD 36.7 GPam D 31.2 GPa, aneh D 0.17) Pasit
(Varshneya, 201)3but are within an order of magnitude. The | External
elastic constant that is of primary concern is E, since theilug | Boundary
methodology (discussed below) is focused on mode | or pur 3
tension. The overestimation of G in the Yeon parametrization
(55.2 5.2 GPa from simulation and 36.7 GPa from experiment
would be a larger concern for studies which focused on the
analysis of silica in shear and compression. All simulation
were performed using the LAMMPS MD code with the USER
REAXC package with the Yeon and van Duin Si/O/H ReaxF
parameterizationfktulga et al., 2012; Yeon and van Duin, 2D15
as the force eld (included irfSupporting Information ).

NS

2 Internal Region

[}

[2)

Silica Structure Model
To investigate crack propagation in silica, thin, quasi-2D
simulation cells (140 140 28 A) were created through a melt-
and-quench procedure. Three replicas of the silica glass were
generated to enable statistical averaging. The initistalialite
con gurations contained 38,400 atoms in a 2:1 oxygen toaili
ratio. These systems were heated to 4,000 K, then held fqps.00
to melt the crystal structure under periodic boundary comafits.
They were then cooled from 4,000 to 300K at a rate of 5 K/pS,FIGURE 1] Schemgt_ic of the quasi-2D silica system with a slit crack, oygen
L0 K . atoms are red and silicon atoms are yellow. The half plane wine bonds are
whichis reported to accurately repllcate bond distance argiem severed to form a slit crack is denoted by a dashed line. The handary region
in glassy silical(ane, 201p Densities were controlled during | (radius 3.2 nm), where the motion of the atoms is prescribeds shaded green.
COOIing at the measured density of silica, 2.2 g?((Mozzi and In the internal cylindrical region, the atoms are free to reteto a minimum
Warren, 1969, through a canonical (NVT) ensemble which e_nergycon guration_while atoms in the bouqdaryare x_ed tothe_ _
controls the numberl‘@) of atoms, volume (V), and temperature displacement prescrlbe.d by the mode | Ioadln.g. The axis of #hcylinder is
. . ; . A R out-of-plane and the thickness of the system is 2.8 nm.
(T) of the simulation with a damping coe cient of 100 time steps
and a time-step of 0.5 fs. After the systems had reached 300K,
the density uctuated in simulations that alternated isetinal- time did not signi cantly alter the el¢ values. Therefore, it
isobaric dynamics with energy minimization to achieve lowappears that variation in the glassy silica structure has aerea
energy con gurations. Final silica structures had a densif  impact on the mechanical response than the relaxation time used
2.187 0.001 g/cra. between loading steps. Through 100 loading steps the system
First a slit crack has been introduced into the silica on awvas fractured with a nal loading state of KO 0.65 MPa m.
half-plane by deleting bonds between atoms on opposite sid&uring loading, four di erent chemical environments (vacon)
of the half-plane, then the crack was mechanically loaded byater, 1M NaCl, and 1M NaOH) were introduced in separate
displacement of far- eld atoms in a region outside a cylindersimulations to investigate the role of di erent aqueous sl
centered on the crack tipF{gure 1). This displacement eld compositions on fracture properties.
was taken from the linear elastic fracture mechanics (LEFM) We use e ective fracture toughness (elin this paper, which
continuum solution for a semi-in nite slit crack in mode | is dierent than the K¢ used in classical fracture mechanics.
(tension) loading that is spatially varying and parametatize Classically, the [ is the point at which a pre-existing fracture
by K (Lawn and Wilshaw, 1993Equation 2.11). Prior to converts from subcritical to critical behavior. Due to ounall
loading, the in-plane (x and y) boundary conditions weresystem size, a single fracture event, in which a few bondkbrea
changed to non-periodic since periodicity is lost during loggl  at the fracture tip, results in fracture velocities on the erdf
of the systemFigure 1). Via the prescribed displacement eld, 10 m/s. These high fracture velocities are indicative ofiticat
a pre-existing slit crack on a halfplane was rst opened tdobehavior, but several subsequent events would need to occur
a K of 0.05 MPg m. Alternating minimizations and low to produce an experimentally measurable change in fracture
temperature NVT relaxations were then performed to reach ahength. Therefore, we are de ning the loading at which thetr
equilibrium structure. Subsequently, the systems werédddy fracture event occurs as gKto highlight that it is (1) de ned
incrementally increasing Koy 0.071 MPa m. While holding the  di erently than the Kic in classical mechanics and (2) is likely to
periphery xed to enforce the prescribed mode | displacementbe an underestimation of the experimentally-derived Kalues,
the interior region of atoms was integrated at 300K with a 0.vhich do not have the atomistic level accuracy exhibited in
fs time step for 5 ps with NVT dynamics at each mechanicalhese simulations. Also, as we will seeycels impacted by the
loading step. The e ect of di erent relaxation times betweenlea chemical environment unlike the strict de nition of |§ de ned
loading step was previously tested for values of 2.5, 5, afs 10 as an intrinsic material property in fracture mechanics textks
(Rimsza et al., 201Rdt was found that changing the relaxation (Lawn and Wilshaw, 1993
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For the vacuum systems, no water was introduced, and the
internal surfaces stay unhydroxylated during the simuwlati
When aqueous solutions (water, 1M NaCl, 1M NaOH) are
introduced it is necessary to add water to the fracture vates
the crack opens, so that water is available to wet the surface |a
the system is loaded. A grand canonical Monte Carlo (GCMC
method was used to add water into the crack during the
simulation. The GCMC input used a chemical potential 250
kcal/mol, corresponding to a target density of liquid watend
10,000 attempts were made to insert water molecules at the
beginning of every loading step. To avoid inserting wateedlily
into the glass matrix, a modi ed GCMC method was used tha
limited insertion to within 3 A of an existing water molecule
To maintain stable NaCl and NaOH concentrations, one NaCl o
NaOH was added following the addition of water. Each NaCl or
NaOH was added as a molecule at the widest point of the fractur
rather than inserted near the crack tip, to emulate the di usif
ions from the bulk uid. A re ective wall at the crack opening
was used to keep the solution inside the fracture withoutiagd
external pressure.

After insertion of the water and NaCl/NaOH molecules,
5 ps of NVT dynamics at 300K was performed to allow for
equilibration of the system. The relaxation time for wasdiea
interactions was investigated by performing several fractu
simulations with shorter (2.5 ps) and longer (10 ps) periods
between loading steps. Previous studies have found thatgeran
of relaxation times resulted in overlapping silica energyvesr
and minimal di erences in the resultsRimsza et al., 201Ra
indicating that variation in glass structure dominate dieces
in fracture due to simulated relaxation times.

Due to the high variation in the glassy silica structure, we

)

used 12 replicas of the pre-cracked systems in each of the faur

loading conditions (48 simulations in total). These 12 regic
were constructed by rotating the three original silica syss by
0, 90,180, and 270n plane and then introducing slit cracks on
the -x half-plane. The results from these 12 systems are reghort
as the average and standard error unless otherwise noted.

As part of the analysis of the systems, the radius of curvatire
the crack tip was calculated by tting the locations of theface
atoms to a second order polynomial [y f(x) D ax® C bx C
c) and then obtaining the crack tip radius)(from the formula
(Howard, 1988

3
1Cf0.x/2 2 1
e D — (3)
£0Px) 2a
xDOb 0O

o

The radius of curvature has been previously calculate:
for silica fracture in MD simulations using this method
(Rimszaetal., 201Yb

The coordination environment of the Naion was analyzed to
identify how the salt solution was altering the silica sagfaThe

coordination was calculated by using interatomic distanagth FIGURE 2 | Total concentration of(A) surface sites (Si-OH, Si-O , Si-OH,) on

Surface Sites (#/nm?)

Si-O” (#/nm?)

Si-OH (#/nm?)

—e— Vacuum —@— 1M NaCl
—v— Water —4— 1M NaOH

02

03 04 0.5

K, (MPa(m)"?)

06

45

40

35

3.0

25|

20

—&— Vacuum
—v— Water
—&— 1M NaCl
—4— 1M NaOH

K, (MPa(m)™?)

—o— Water
45| —0— 1M NaCl
—v— 1M NaOH

40

0.2

03 04 0.5
K, (MPa(m)™?)

06

cut-os: Si-O (2.3 A)’ H-O (1.25 A)’ Na-O (2.20 A), 0-0(15 A) the fracture surfaces of silica in four environmental contions, (B) the

and H-H (1.0A). Cut-o values were selected based on previous
investigations of N& adsorption on silica surfaces from NaOH
solutions using the ReaxFF force eldsi(nsza et al., 2013See

concentration of Si-O , and (C) Si-OH on the surface. No Si-OH sites are
present under vacuum conditions. K indexes the far- eld mechanical loading
and fracture occurs ata K of 0.25 MPa-m 172,
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Rimsza et al. (2018H¢r the pair distribution functions used for of a NaOH or NaCl molecule into solution does not guarantee

cut-o selection and further discussion. that the molecules will remain intact as the simulation eeslv
Investigations of NaOH solution wetting a silica surfacétwa

RESULTS reactive force eld Rimsza et al., 2013noted the development
of many di erent aqueous species including OHH30C€, Ha,

Solution and Surface Chemistry and Q. Here, the solution composition is tracked over time to

During fracture the energy balance is controlled by the geéc  look at the development of these species.

cost associated with creating new surfaces, namely thacgurf  In other work, the steric e ects of solution in ltration in
energy, as described through the Grith criterionLéwn fractures focused on what, if any, impact occurred with chiagg
and Wilshaw, 19983 Therefore, a detailed understanding of crack tip accessibilityJones et al., 20),8identifying that the
the surface chemistry as the uid in Itrates the fracture can size of the molecules was less important than the reactinity i
reacts with freshly fractured surface is critical to idéntihe
mechanisms that are responsible for environmentally-gess$is
fracture. Previous work has been done on the interactions p 4
between electrolyte solutions and silica surfaces ¢t al., 8~ M NaoH
2011; DelloStritto et al., 2016; Pfei er-Laplaud and Gaigeot, —v— M NaCl
2016; however, these have not typically included the application
of external loading. A stress eld can alter the structure of
the silica by introducing voids, stretching bonds and ring
structures {uralidharan et al., 2005 and generally increasing
the reactivity of the silica matrix§imsza J. M. et al., 20)L6

Here we identify four dierent surface species. The most
dominant surface species when the surface is contact with an
agueous solution is a silanol group, with a dangling bond
terminated by one hydrogen (Si-OH). Several other surface
species are present including protonated silanols (Sp)QH
deprotonated silanols (Si-Q, and protonated siloxane oxygen
atoms (Si-OH-Si). In this work the crack surface is domimhte
by either Si-OH or Si-O, with concentrations of Si-Opland
Si-OH-Si beings 0.06 #/nn?.

The concentration of silanol groups on silica surfaces garie
but s reported as 4.0-5.0 #/rfrzhuravlev, 2000and represents
the total number of surface sites including neutral, depnated,
and protonated silanol groups. We analyze all the availab
surface sites for protonation to determine how the silicaface B ¢ T T T
has relaxed in the presence of the di erent solution composiio o Water .
Fewer surface sites would suggest that more silanol growss ha 8 TWiNeon
recombined, forming Si-O-Si from Si-OH and Si-GCsites. In
our simulated silica, the initial concentration of availkites for al _
formation of Si-OH groups is 3.05-3.5 #/nrA(Figure 2?/'. The
slight di erences in surface site concentrate at 0.15 MRais
due to initial relaxation of the system before loading is aggbli
The silica surfaces exposed to salt solutions exhibit mades si
(Si-OH, Si-O ) than those in pure water, suggesting that these
surfaces have higher concentrations of broken Si-O bonds.

By separating the types of siteBidures 2B,0, it becomes
apparent that the surface species formed in 1M NaCl solution
are more likely to be Si-OH in contrast to those formed in the Tr ]
1M NaOH solution. The concentration of surface sites (Si;O
Si-OH, Si-Oh) and level of relaxation has been explicitly tied to
the Kic of the material [Lawn and Wilshaw, 1993hrough the oo
surface energy and elastic modulus. ! n

The surface structure is therefore inuenced by solution 02 03 04 05 06
composition. These variations can be simulated when a resacti K, (MPa(m)")
force eldis used (compared with traditional MD force elds tha
do not allow for molecular disassociation). In these sintioles
the bonding states of atoms can change and the introductio

OH Con (M)

D

€

174
H,0 Con (M)

FIGURE 3| (A)OH concentration in solution and(B) H3OC concentration in
solution reported as a molarity (M) for three environmentabnditions.
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altering the fracture properties of the material. Salt solos
are known to alter the silica surface due to adsorpti@oye
and Craven, 2005In the present context, the addition of OH
creates a basic solution that increases the dissoluticesrat
glass Pu and Rimsza, 20)ywhile the addition of Cl has a

dissolution rate of glasses have shown the rate increadssthin
acidic and basic conditions, but is slower in acidic coratig
(Alexander et al., 1954 In Figure3 the OH and HOC
concentrations in uencing pH in the simulations are reportas
molar concentrations based on the number of water moledules

less signi cant e ect on the pH of the solution. Studies of thethe fracture volume. Clearly, the most rapid change occurgdyri

FIGURE 4 | Schematic of coordination structures for N& including (A) free, (B) monodentate, (C) bidentate, (D) Si-O , (E) adsorbed, and (F) buried. Tridentate and
mixed con gurations are not pictured. Atoms are representedwith circles and bonds by connecting lines. Oxygen in wateiCy), oxygen in silicon (@;), and oxygen in
deprotonated silanol (ypg;) are distinguished by subscript and silica is denoted withed-yellow checks. Not to scale.
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TABLE 1 | Distribution (%) of N& coordination environments in 1M NaCl and 1M NaOH solutions.

Free Dentates Buried Adsorbed Mixed Si-O
Mono Bi Tri
1M NacCl 74.23 4.70 1.87 0.78 3.74 4.79 8.39 1.50
1.13 0.43 0.25 0.29 0.55 0.72 0.80 0.30
1M NaOH 61.49 6.85 3.02 1.00 3.40 7.45 13.61 3.10
1.12 0.76 0.41 0.30 0.55 1.06 0.74 0.50

the initial loading, before the crack propagates, where OH surfaces atthe same NaOH concentration, where Sia@s more
decreases rapidly ands@C increases slightly. The formation of commonly coordinated with either neighboring silanol ggsuor
a steady-state concentration occurs &25-0.3 MPam, dueto water Rimszaetal., 2013However, in the fracture simulations,
a balance of the rate of water in Itration and addition of Ne@  coordination of N& by Si-O does occur and is more common
NaOH molecules as the fracture is loaded. than the tridentate specieddble 1). We hypothesize that the
The addition of the NaOH molecules results in acon ning conditions at the crack tip results in increasedGi
relatively steady OH concentration of 1M Figure 3A). interactions with N& (Figure 4D) compared with at surfaces.
The concentration of OH drops more dramatically t 0.25M  The nal three con gurations include N& that is at least partially
for both the 1M NaCl and pure water solutions. The addition ofcoordinated by siloxane oxygen species. The rst is a buried
NaCl molecules results in a higher concentration of both OH speciesKigure 4P, which is a N& coordinated only by siloxane
and HzOC in solution compared to pure water; however, bothoxygen and indicates the Nehas been entirely incorporated into
solutions become slightly acidic, with higher concentas of the silica structure. Na di using into bulk silica occurs readily
H30C than OH . The concentration of HOC increases with due to the open structure of the silica and Nas a common
decreasing pH: 1M NaOH water< 1M NacCl, as expected. component of industrial glasseSifit et al., 1978; Varshneya,
The deviation from neutral pH indicates that in both salt 2013. The next is an adsorbed speci€sglire 4B, de ned as
solutions, silica dissolution should be higher than in purea N& ion coordinated by siloxane and water oxygen, but no
water, increasing the chemical impact on chemical-mectanicsilanol. Finally, there is a mixed coordination structurethé

subcritical fracture growth. surface with N& ions coordinated by water, silanol, and siloxane
) ) oxygen atoms. Overall, the higher free and lower adsorbed
Electrolyte Chemistry and Adsorption NaC ion concentrations in the 1M NaCl simulations may be

For the salt solutions, the silica surface interacts nott jusleading to the higher Si-OH surface concentration and thedo
with water, but also with dissolved Raand either CI (1M  deprotonation that is seen on the surface.

NaCl) or OH (1M NaOH) ions. Both salt solutions change In addition to the coordination environment, the location
the concentrations of surface species (Si-:@i-OH, Si-OH)  of the N& ions can vary inside the fracture geometry. Several
when compared with water; this can be partially attributed tohypotheses on the role of pH on the fracture of silica suggest
adsorption of N& to maintain local charge balance. In a previousthat the accessibility of the crack tip by OHis the primary
study, we used ReaxFRi(nsza et al., 2013lto investigate N&  means of enhancing fracture in basic solutionghte et al.,
adsorption environments with OH counter ions and identied 1987%; therefore, understanding how the con ned geometry of
several adsorption structures with Naons coordinated by a the crack tip alters the fracture properties is critical. Siayps
mixture of water, silanols, and siloxane oxygen atoms. lis th of the fracture geometry and the in ltrating uid Figure 5
work, eight distinct N& structures are found in the NaCl and provide some geometric insight into the crack tip accessjbil
NaOH solutions. Di erent N& structures are identi ed by the by solution species. For silica fracture in water, the cragkst
coordinating oxygen species, which include the oxygen aiams primarily lled with complete water molecules along with a few
water molecules, silanol groups, and siloxane groups. Theé mols3sOC; the OH ions present do not migrate to the crack tip,
common species is a free Ndon coordinated exclusively by in contrast to those in NaOH and NaCl solutions. In the NaCl
water moleculesHRigure 4A). These cations have at least onesolution, the fracture volume is lled with both Naand ClI
water molecule between them and the silica surface, anduatco ions, along with some OHand H;OC ions. Therefore, it appears
for 75% of the N& ions in the 1M NaCl simulations compared that the presence of Nawith a Cl counter ion may allow for

to only 61.5% in the 1M NaOH simulationsTéble ). The easier migration toward the crack tip. In the breakdown of the
next three structures are inner-sphere monodent&ig(re 4B),  di erent coordination environments (Supporting Informatign
bidentante Figure 40), and tridentate (not pictured), which Table SJ there is some limited coordination of the Raon by
include N& coordinated by water molecules and by one, two, oiCl , with an average of 0.52 0.02 Cl ions coordinating each
three Si-OH groups, respectively. These types of con gurationfree N& ion in the rst solvation shell. In the NaOH system,
(including the tridentate) were also observed on at suga@t the N ions have limited di usion into the fracture volume, so
1M NaOH concentrations Rimsza et al., 2013bIn contrast, that most of the aqueous species near the crack tip are either
the coordination of N& by Si-O species did not occur on at surface coordinated OH or free HsO® molecules. NaCl and
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Here, the Q (n D 0-4) descriptor is used to distinguish
silicon species, whereis the number of siloxane oxygen atoms
attached to a silicon. A perfectly coordinated silicon atosn i
bonded to exactly four siloxane oxygen atoms and, hence, is
a Q4 species. Surfaces, defects, and network modiers (e.g.,
NaC, Li¢, C&C) can disrupt the glass structure, introducing
silicon with lower concentrations of siloxane bonds andrdfere
lower @, species. Occasionallys@pecies can also be formed,
typically in low concentrations<{3%); this is a known defect

in silica glass simulated with ReaxFF that has been previously
reported for dierent silica systemsR{msza J. et al., 2016;
Rimsza and Du, 20)8Qs species have been identi ed by both
MD simulations Rimsza J. et al., 20jL&nd nuclear magnetic
resonance (NMR) characterizatio@tov and Keppler, 1993

but at lower concentrations. By looking at the change ip Q
species in the structure, we can compare the relative stresfgth
the siloxane bonds that link gspecies in the glass.

The change in @ species from the rst to the last loading
step (0.15 MPam to 0.65 MPa m) is provided inFigure 6and
generally, we expect higher,@pecies to transition to lower
species during dissolution (Q! Q3! Q2! Q1!

Qo). Regardless of environment, our simulations show that there
is a decrease in{¥pecies. This is balanced by an increasegn Q
Q2, and Q species. Interestingly, a water environment results
in a decrease in the §lspecies during loading, suggesting that
the few @ species that are formed reprecipitate in pure water.
Previous computational results showed that during dissotut
without mechanical stress, the1Q! Qo conversion has
the lowest activation energyi@hadevan and Garofalini, 2008
Therefore, when dissolution occurs we would expect a decrease
in Q1 species and an increase irp.Qn contrast, the Q !

Qzand @ ! Qg transitions have higher activation energies
and, hence, these species should be maintained in the system
FIGURE 5 | Atomic positions of N&, CI , OH , and HzOC molecules inside under dissolution-only conditions. A&igure 6 demonstrates,
the crack tip for three different solutiongA) water, (B), 1M NacCl, and (C) 1M Q3 and @ concentrations are also maintained in these chemo-
NaOH. Water is not shown for clarity. All 12 replicates are @vlaid to sample mechanical fracture simulations. When water is prese@ta@j

the variety of atomic positions and are at a constant loadingf 0.2 MPa™ m.

Atom types: Si (yellow), N& (blue), CI (green), OH (red), HOC (white). Q2 appear to be more stable than in dry conditions, consistent

with predictions from dissolution-only studies.

The impact of solution composition is most apparent when
examining the @ species data. Generally, there is an increase
NaOH solutions result in di erent fracture properties (dissesl  in Q1 from vacuum to water to 1M NaOH to 1M NaCl. The
below), which is unexpected considering that both are prom®ti only simulations that exhibit silica monomers releasedrthe
the di usion of OH  to the crack tip and potentially encouraging surface are those with a 1M NaCl solution, and thg i€ still
the hydroxide—-mediated reaction (Equation 2). Itis hypatized  in very low concentrations. In contrast, bulk glass dissoluti
that the hydration shells of the Ifaand CI ions are a ectingthe  js expected to occur most readily for the 1M NaOH solution
OH /H30C€/H,0-silica interactions, altering the energy barriers(due to the higher pH). In the 1M NaCl solution the 33%
or the frequency of interactions\{hite et al., 198y and the increase seen ifFigure 6 is an average increase of totah Q
presence of dierent counter ions at the crack tip alters thespeciation of 0.5 silicon atoms, which is large only with respect

activity of the OH . to the low initial concentration in the replica systems. Despit
) _ the low change, several previous investigations have naot see
Material Chemistry spontaneous dissolutiodove, 1999; Kubicki et al., 2012; Zapol

Siloxane bond strength in the glass structure varies with thetal., 2013; Rimsza and Du, 2017, 2018

number of oxygen bonds connecting two silica tetrahedra.

Previous MD {lahadevan and Garofalini, 20pg&and DFT  Material Mechanics

(Criscenti et al., 20Q6imulations have been used to investigatdt is well-established that the strength of the silica deses
the relative Si-O bond strength of di erent linkages to ellmie in the presence of an aqueous environment, which is typically
glass dissolution mechanisms as a function of glass conosit attributed to dissolution inside the fracture volume andand
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FIGURE 7 | Radius of curvature for silica systems in four chemical
environments.

water Figure 7), and are the simulations that exhibit the highest
increase in @ species, and the only formation of simulations in
which @ species. Based on these results, we hypothesize that the
presence of a highly reactive uid like the NaCl solution unde
con nement may cause rapid increases in dissolution and & th
radius of a crack tip, even within the picosecond timeframe in
these MD simulations.

Due to the metastable nature of glass, the silica networkimith
the bulk material is somewhat inelastic and is modi ed when
an external stress is applied. The energy associated with the
structural changes in the bulk material is described by thergy
dissipation (Gjsg term in the well-known strain energy release
rate (Gc) equation:

Gic D GyissC 2 s 4)

FIGURE 6 | Change in(A) percent and (B) total Qy speciation as a function of

solution chemistry over the loading range 0.5 MPam to 0.65 MPa™ m. which accounts for the energetic cost of fracture propagatron |

terms of the surface energy @ associated with new surfaces
and a non-conservative process to create them (i.e., irséver
changes in bulk silica structure quanti ed byy@). The Gjiss
term is extracted from the atomistic simulations through the
a brittle material, with a blunter tip being associated witiore change in internal energy of the silica (dU) and the addedzanef

inelasticity. It has also been investigatédrisza et al., 201Yb area (dA) Rimsza etal., 201Jb

for its role in identifying the level of dissolution in thedcture du

volume, and how this impacts the chemical-mechanical fractu GaissD 1 (5)
Previous work Rimsza et al., 201Baoted that, in the presence

of water, the radius of curvature decreased, resulting inrmaw A derivation for Equation (5) is included if\ppendix I. Here,
crack tip, suggesting a higher stress concentration and arlowsurface area was calculated through construction of a seirfac
threshold for fracture propagation. Interestingly, the siations  mesh along the crack face with a spherical probe molecule with
with a 1M NaCl solution exhibit fractures with a larger radiu a radius of 4.5 A as implemented in the Ovito Visualization
of curvature than those with a 1M NaOH solution or pure Tool (Stukowski, 2000 In previous investigations, the energy

the crack tip. The radius of curvature of the crack is a struatu
parameter that is connected to the amount of local inelastioi
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DISCUSSION

The dierences in solution composition and the unique
con ned geometry of the crack tip generate unusual chemical
environments that impact the fracture properties of silica. In
this work, the con ned 1M NaCl aqueous solution is slightly
acidic, and the con ned 1M NaOH solution is alkalingigure 3).
The elevated OH concentration leads to an increased number
of Si-O surface sites, which allows for the formation of Na
adsorption complexes in the con ned space that are not seen
on at surfaces Rimsza et al., 2013bThese complexes include
NaC coordinated by Si-O surface species and N@oordinated

by siloxane oxygen and water molecules orlghle 1). With
increasing con nement of the aqueous solution as the mdesu
approach the crack tip, more interactions between thé& hans
and the surface occur, possibly made more energeticallydbie
due to increased surface deprotonation.

Snapshots of the fracture geometry also indicate that the
solution composition in uences the diusion of electrolyte
ions into the crack tip. For example, in the 1M NaCl
solution the N& ions inltrate the crack tip much farther

o ) ) than in the 1M NaOH solution Figure 5. This observation
FIGURE 8 | Energy dissipation (Giss) during crack loading and subsequent supports the hypothesis that changing the composition of
crack propagation for silica systems in four environmentaonditions. Ggjsg is . .
calculated from Equation (5). the hydration shells of Na and ClI ions may alter the
accessibility of the crack tip and the reactivity of the imdting
uid (White et al.,, 198) This nding also highlights the
importance of understanding how aqueous electrolyte sohgtio

dissipation has been associated with the amount of inelgstic are interacting with surfaces in conned geometries, which
occurring around the crack tipRimsza et al., 2017b, 20)8a appear to be where most critical surface reactions and stress
Using this description, the following trend in inelastic @gg  concentrators occur.
generation was calculated for the four fracture environtsen Increased radius of curvature of the crack tip in the salt
considered: vacuum 1M NaOH solution> 1M NaCl solution  solutions provides further evidence that the crack morphglog
> pure water Figure 8). The higher Gissvalue forthe IM NaOH  is impacted by the in ltrating uid. The increase in the radiof
solution compared with the other aqueous solutions suggest§€ crack tip has been proposed to be a function of dissolution
that there is more unrecoverable inelastic strain in theigrg €vents [reiman et al., 2009 This chemo-mechanical e ect is
surrounding the crack tip. apparently related to the fracture properties of silica, witle th
Identi cation of eKic values for the four silica systems 1M NaCl solution resulting in a higher K for the silica than
was based on step-wise changes in the potential energy iffthe 1M NaOH solution of pure water. We hypothesize that
the silica during loading, as outlined in previous studies othe increase in formation of Qand Qy species in the 1M NaCl
silica fracture Rimsza et al., 201ybA sudden change in solution (Figure 6) is resulting in crack tip blunting Kigure 7)
energy is accompanied by bond breakage, indicating a cra¢kat dissipates energy through mechanisms other than fractu
propagation event. The loading at which these crack propagatiopfopagation. Additionally, the interaction between the M@l
events occur are averaged over multiple simulations to esém ions and the agqueous OHmay be limiting the ability of the
the eKc for the system. The results identify that the silicaOH tointeract with the crack tip, resulting in a larger gK(see
systems fractured in vacuum exhibit the highestcekalue, Figure 5and related discussion).
the fewest fracture events, and the highegt Galue {Table 2. Interactions between electrolyte solutions and the surface
This is consistent with experimental observations thatcaili impact the formation of Q and  species, which are a critical
is stronger in a non-reactive or dry environmenRifnsza components of glass degradatioBu(in et al., 2005; Wiederhorn
et al., 2018)3 Experiments have shown that the addition Ofet al., 201)]. Dissolution has been di cult to inVGStigate with
any electrolytes that perturb the pH of the solution make theatomistic simulations, because of the pico- or nanosecome ti
system fracture at lower loads than in neutral watéroye, frames accessible by MD simulations. In this study, we usegl a Q
1999. From the simulation data reported here, the,ekalues distribution analysis to determine if any of the aqueous Eohs
Over|ap, but it appears that the silica in 1M NaCl solutionWwere CaUSing local dissolution. The 1M NaCl solution caused
has a slightly higher gK than that in water or a 1M NaOH the most dissolution events in the simulations, demonsttate
solution. It is hypothesized that a broader crack tip radiusdy increased concentrations ofy@nd Q species Kigure 6).

(Figure 7) reduces the drive for fracture propagation at theseVlost atomistic simulations to date have not generateds@ecies
time scales. (without positioning atoms to facilitate af) Qg conversion)
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TABLE 2 | Fracture properties of silica in four different environmeal conditions (vacuum, water, 1M NaCl, 1M NaOH) as the avege and standard deviation of twelve
unigue simulations.

eKc MPaP m) Fracture Events (#) G ic (Im?2) Guiss (I/M?2) Si-OH (#/nm 2) g (/m?2)
First Average
Vacuum 0.34 0.04 0.43 0.04 3.67 1.18 7.91 6.78 0.00 1.13
Water 0.20 0.06 0.37 0.05 433 1.03 4.59 421 3.10 0.38
1M NacCl 0.28 0.09 0.41 0.05 542 1.66 5.14 4.75 3.04 0.39
1M NaOH 0.19 0.05 0.37 0.05 6.00 1.41 5.47 5.06 2.95 0.41

TABLE 3 | Ranking of factors that in uence environmentally assistedrécture from highest (1) to lowest (4).

Environment eK I*C Fracture events Dissolution € Si-O surface Crack tip Radius of curvature
concentration accessibility

Vacuum 1 4 4 1 - 1

Water 3 3 3 4 3 4

1M NaCl 2 2 1 3 1 2

1M NaOH 4 1 2 2 2 3

*Average loading at rst fracture,Increasing @ and Q; concentration, Concentration of OH , H3O®, NaC, or Cl in the fracture volume.

(Kagan et al., 2014; Rimsza and Du, 2017, pOThe @, 1. Compared with at surfaces, the nanocon ned crack tip
distribution analysis leads us to conclude that the siliszalves favors di erent adsorbed species and concentrations andsimi
most readily in the 1M NacCl solution. This conclusion is at diusion thereby increasing the residence time of reactive
odds with experimental observations that bulk glass diggmiu species and altering the chemical gradients in solution.

occurs most readily in basic solutionsléxander et al., 1954 2. The presence of Na Cl , or OH ions impacts the reaction
However, previous atomistiab initio DFT studies of reaction  frequency between the surface and water molecules, a ects
barrier heights have reported that the Si-O-Si bond is mosglga  the protonation and deprotonation of the surface, and exposes
broken with an adsorbed proton on the bridging oxygen, which strained and unstrained bonds along the fracture surfaak an
would be expected to occur more readily in acidic conditions, at the crack tip to the solution.

than when one of the terminating Si has a deprotonated oxyge . . . o
(Nangia and Garrison, 2008: Zapol et al., 201Rese results IPherefore, dissolution and reaction rates inside the freetare

. . . : . distinct from those observed in bulk or equilibrium systems.
are also inconsistent with experimental observations ork bul .
glass dissolution. These hypotheses will be explored through a targeted study of

This coupled chemical-mechanical fracture study fromthe details of the crack geometry. In conclusion, we propose

atomistic methods has highlighted several factors in Liage that this investigation demonstrates that the geometry & th

. o . fracture is impacting the water and ion accessibility at theck
the weakening of silica that appear to be at odds with accepteif]s the kinet?cs agd the reactions occurring atythe fraetur

theqry or chemical |r_1tumon. A ranlgng of proposed factors fo surfaces, and, results in behavior unique to fracture ctomwi$
environmentally assisted fracture is includedTiable 3 From on the nanoscale

this data we can see that the environment which results in the
highest number of fracture events and lowestieKNaOH)
does not exhibit the fastest dissolution as evidenced by the

formation of Q and @ species. There does not appear ttCONCLUSION

be a direct correlation between the factors: dissolutiarQ S

concentration, crack tip accessibility, or radius of ciunve, and  TO investigate weakening of silica in contact with aqueous
the fracture properties: gK or the number of fracture events. electrolyte solutions, classical MD simulations of silicctfure
Generally, our simulations show a pure aqueous environmerere performed using the bond-order based, reactive force
decreases the radius of curvature and thece}gurthermore’ eld ReaxFF. Four dierent environmental conditions were
the inclusion of either NaOH or NaCl increases the number ofnvestigated, including vacuum, water, and two salt sohgi(1M
fracture events, silica dissolution, and the crack tip asitslity; ~NaCl, 1M NaOH). The highlights of our ndings are:

however, separating out the impact of the two electrolytes is any aqueous condition weakens the silica, with the addition
more complicated. We hypothesize that both the geometry of the o 1yasic NaOH further encouraging fractures to propagate,

fracture and composition of the uid alter the reactivity dfi¢ possibly due to increased interactions between ions and the
system through: silica surface.
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The 1M NacCl solution generates increasedd@d @ species glass compositions can be undertaken in the future as seitabl
compared with 1M NaOH and water, altering the geometrypotentials become available.

of the crack tip and the fracture properties of the silica, in

contrast to bulk glass dissolution. Additionally, the obsl AUTHOR CONTRIBUTIONS
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APPENDIX 1

The Gri ths strain energy release rate (G) for a crack in aasic
material is given by

GD d.Ug W/ =dA (A1)

where LE is the elastic potential energy, Vis the external work,
andA the fracture surface area. In this case the fracture toughine
is associated with the critical value 6f G¢c D 2 s, which is
equal to the energetic cost of creating new surfaces, wee t
the surface energys. To account for energy dissipated during
fracture, a dissipation energy term ¢&) is typically added:

GcD GdissC 25 (A2)
Using that the internal energy of the system (U) is the elastic

potential energy (&) minus the external work due to loading
(W\) plus the surface energy gl

UD .Ug W./CUs (A3)

and assumin@gissand s are constant, we arrive at

dlUe W )DdU Ug)D (GuissC 2 JdA  (A4)

After equating the change of surface enedlys D 2 (dA,
we obtain

du

GdISS d

s (A5)
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