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Abstract

Predicting the chemical durability of glass materials is important for various
applications from daily life such as cell phone screens and kitchenware to
advanced technologies such as nuclear waste disposal and biomedicine. In this
work, we explored the prediction of the initial glass dissolution rates using struc-
tural features from molecular dynamics (MD) simulations for a series of glass
compositions (total 28), including ZrO,- and V,0s-containing boroaluminosili-
cate, borosilicate, and aluminosilicate glasses. The initial dissolution rates (r,)
measured experimentally at 90°C with varying solution conditions were corre-
lated with structural features (e.g., polyhedral linkages and non-bridging oxygen
species) obtained from MD simulations, either from this study or from litera-
ture. As hydrolysis of the glass network through breaking of the network former
linkages (e.g., Si-O-Si, Si-O-Al etc.) is a critical step of network glass dissolu-
tion, the statistics of these linkages obtained from MD were also correlated to r,
through linear regression, where the coefficients of determination (R?) and root
mean square error are found to be 0.949 and 0.681, respectively. This model was
compared and discussed with existing models developed by various approaches,
including machine learning, the kinetic rate equation, topological constraint the-
ory, and other descriptors from MD simulations. The discussion provides insights
on future model improvements to predict glass dissolution. In addition, as the
effect of V,05 on glass dissolution was not well studied comparing to ZrO,, the
impact of V,05 was emphasized in this paper, suggesting that the impact is not
the same across all glass compositions and test conditions.
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1 | INTRODUCTION

Glass materials are important for day-to-day life (e.g.,
cell phone screens, kitchenware, and buildings), in the
biomedical fields (e.g., bioactive glass coatings on metal-
lic implants), and for national missions (e.g., nuclear
waste disposal and electrodes/interconnects for energy
storage). Being able to have controllable glass durabil-
ity is important for various industrial and technological
applications. For example, bioactive glasses desire a rela-
tively fast and stable dissolution, whereas nuclear waste
glasses need long-term stability and durability.' Gener-
ally, the kinetics of glass corrosion can be divided into
three stages (initial rate, residual rate, and accelerated
rate).*® However, predicting the dissolution behavior of
glasses is complicated, as glass corrosion not only depends
on the bulk glass composition and structure, but is also
affected by various external parameters, such as pH,””
temperature,'!! and solution composition.'>" In this
paper, we focus on quantifying the relationship between
glass structure and initial dissolution rate (r,, also com-
monly known as forward rate), where the rate is mostly
dependent on glass composition, temperature, and pH,
as compared to the residual or resumption rate which
are strongly affected by near field materials and solution
feedback. Note that an effort has been made to distin-
guish initial dissolution rate and forward rate by Thorpe
et al.,'® where forward rate has no solution feedback as
it is measured in flow-through conditions or very dilute
conditions, initial dissolution rates are measured at early
reaction progress before solution feedback is measurable
with changing solution pH being acceptable. By this defini-
tion, the rates discussed in this paper are initial dissolution
rates.

An effective method to measure 7 is to dissolve glasses
in sufficiently dilute conditions so there is no impact from
solution feedback, whereas the solution being concen-
trated enough with glass components so reliable quanti-
tative analyses can be obtained.'” Various methods were
developed to measure r,, including static tests,'” single-
pass flow-through (SPFT, ASTM Method C1662°°), and
microchannel flow-through (MCFT’) tests. The Inter-
national Simple Glass (ISG) has served as a model or
reference glass for studies on the corrosion mechanisms of
nuclear waste glass through active international collabo-
rations since it was introduced in 2013.*?! Despite using
samples of the standard glass from the same batch, the
measured dissolution rates of ISG show variations depend-
ing on the testing method, solution pH, temperature, and
sample forms. Inagaki et al.” measured the r, of ISG as a
function of pH (3-10) and temperature (20-90°C) using
MCFT, and the ry of pHggec = 3 and pHggec = 10 are
0.978 + 0.061 and 7.65 + 0.17 g m~% d~!, respectively.

The r, of ISG was found to be 8.2 + 2.5 g m~2 d~! mea-
sured under static conditions at pHggec = 9 by Gin et al.,*?
whereas a dissolution rate of 5.44 g m=2 d~! at 90°C with
pHyoc = 11 was obtained using SPFT by Neeway et al.”*
Fournier et al.'” systematically evaluated the r, measure-
ments on ISG using static, SPFT, and MCFT at 90°C and
PHgpoc =10. It was observed that r, of ISG is between 5 and
17 g m~2 d!, depending on the measurement methods,
sample form (powders or monoliths), and glass surface
area analysis method (Brunauer-Emmett-Teller method
or geometric surface). Even though the r, measurements
(at 90°C and pHggec = 10) have a clear repeatability, the
results should be given with an uncertainty of ~+25%."

Many studies have been conducted to correlate glass
dissolution from intrinsic and extrinsic parameters
using regression models,'” topological constraint the-
ory (TCT),?»**?> machine learning,’*?° and molecular
dynamics (MD) simulation-based quantitative structure-
property relationship (QSPR) analysis.**~** Vienna et al.!’
showed that 90% of the variation in r, data can be
explained by variations in pH and temperature, where
compositional effects are relatively small within the
range of glasses used in waste vitrification. A structural
descriptor based on the TCT was developed by Gin et al.,”?
which can be used to predict the r, of aluminosilicate
and borosilicate glasses that dissolve congruently at
90°C and pHgyoc = 9. MD-based QSPR analysis is also a
powerful approach to correlate macroscopic properties
with microstructure and chemical features.** A structural
descriptor (F,e) that combines short-range structural
and energetic information has been developed and used
to correlate glass parameters, such as ry,>>* thermal
properties, and mechanical properties.”> In a study by
Du and Rimsza,*® the energy barrier for breakage of
network former linkages (i.e., former-oxygen-former)
under different reaction conditions from literature were
summarized and compared, showing the energy barriers
for hydrolysis of these linkages is mainly a function of
the protonated, neutral, and deprotonated conditions,
consistent with experiments, but the results also show
fairly large variations depending on the theoretical levels
(of quantum mechanical calculation) and type of models
(cluster versus periodic) used. As hydrolysis is a critical
step of glass dissolution and the stability of the glass
former linkages is affected by pH and other parameters,
we aim to use the statistics of these linkages obtained from
MD simulations to correlate with the initial dissolution
rate measured experimentally.

The main objective of this work is to develop models
using key structural features obtained from MD simula-
tions to predict ry measured at 90°C with different pH, pro-
viding insights on future model development. In addition,
a series of V,0s-containing boroaluminosilicate glasses
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FIGURE 1 Violin plot showing the distribution of glass compositions with maximum, average, and minimum value labeled

were included and studied in this work, as these glass
materials have attracted great interest due to their poten-
tial applications, such as lithium ion batteries,*’** and as
nuclear waste forms with increased sulfur solubility.**~*3
The impacts of V,05 on the properties of ISG have been
investigated previously,** where the addition of V,Os
was found to decrease glass transition temperature (Tg)
and hardness while increasing the refractive index and
crack initiation load. It was previously found that vana-
dium mainly exists in two oxidation states in ISG-based
glasses, ~80% V°* (in four-, five-, and six-fold coordina-
tion) and ~20% V** (mainly in fourfold coordination), by
an integrated experimental and MD simulation study.*

This paper is arranged as follows: methodology, includ-
ing data collection, r, measurement, and model fitting;
then the results on structural features obtained from MD,
dissolution data, and a model to predict r, from the
structural features (e.g., former linkages); and finally dis-
cussions relating the model to others in the literature and
conclusions.

2 | METHODOLOGY

The 28 glasses studied (referred hereafter as the V
series,*** Zr series,***° and CJ series®>**) were previously
fabricated, characterized experimentally, and simulated
using MD. Table 1 lists the glass compositions and the ini-
tial dissolution rates (ry) both determined experimentally
in this work and from references. Figure 1 shows the dis-
tribution of the 28 glass compositions with the maximum,
average, and minimum values labeled. The r, values of V
series were measured in this study following the proce-

dure reported in Gin et al.”? The test uses glass particles
with diameters of 63-125 um measured in aqueous solu-
tions to achieve a surface area (geometric surface) to a
solution volume ratio of 0.03 cm™! (0.05 g glass and 500 ml
solution) for pHggec = 10 and 0.14 cm™ (0.05 g glass and
100 ml solution) for pHggec = 2.?? These static testing con-
ditions ensured that glass dissolution is controlled by the
hydrolysis of the covalent bonds (i.e., Si-O-M with M = Si,
Al, B, or Zr).?> Hence, the release of Si represents glass
matrix/network dissolution and is used to calculate the
glass initial dissolution rate. The rest of the r, data (static
tests) were taken from the previous experimental studies.

Details of MD simulations were reported
previously,>>3** and a brief description is presented
here. Cubic simulation cells with ~12000 atoms (for the Zr
and CIJ series) and ~20000 atoms (for the V glass series)
were generated with random initial configurations. The
glass structures were then obtained through a simulated
melt-and-quench process (from 6000 to 300 K) with a
nominal cooling rate of 1 K ps (CJ series), 2.5 K ps~ (V
series), or 1.4 K ps~! (Zr series) using MD simulations. A
set of partial charge pairwise potentials with long-range
Coulombic interactions and short-range interactions
with the Buckingham form*’ was used to simulate the
multicomponent borosilicate glass systems with recently
developed boron oxide parameters by Deng and Du.*®
Details of the potential form, composition-dependent
boron potential, and parameters can be found in Ref.
[48]. Vanadium-related parameters that are compatible
with the above potentials can be found in Ref. [49]. The
potentials have been successfully used to simulate a range
of borosilicate and boroaluminosilicate glasses such as
ISG and related systems. 3?3343
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TABLE 2 Estimated model coefficients, standard deviation of the coefficients, and model-fit summary statistics
Coefficient Coefficient
Term estimate Stand. err. Model statistic Value
Intercept 2.38 1.85 Data points 28
pH (90°C) 0.91 0.19 R? 0.949
Al-O-B —30.09 9.00 RMSE 0.681
Al-O-Si —11.14 0.98 R? adjusted 0.935
Si-0-Si -16.74 1.74 R? press 0.887
Former-O-Zr —29.49 2.84 RMSE press 0.877
NBO, % 0.14 0.02

Abbreviations: NBO, non-bridging oxygen; RMSE, root mean square error.

Model fitting was performed using JMP version 14.0.0
(SAS Institute, Cary, NC). The model form (linear mixture)
is described in the following equation:

q
Inf[ro] = ap + )’ aix; )

i=1

where r,, is the initial dissolution rate (g m=2 d™), a,, is the
intercept, a; is the ith model term (e.g., fraction of former
linkages, pH) coefficient, as listed in Table 2, x; is the ith
model term, and q is the number of the model components.

Models were fitted using r, measured between pHggoc
of 6.9 and 10 (the data from pHggec = 2 were not used
during model fitting, as discussed in Section 3.2). Guided
by stepwise regression and knowledge of structural effect,
the model parameters with the highest impacts were
selected. Nonlinear (higher order) and mixing effects were
also evaluated, but they were ultimately found to be
insignificant.

3 | RESULTS

3.1 | MD structural features

Figure 2 shows a stacked bar chart of the polyhedral link-
ages of the studied glasses. The number of each polyhedral
linkage can be found in the Supplementary Information
(SI) section. For Zr series, ry (pHggec = 6.9) increases with
decreasing former-O-Zr and increasing B-O-Si, whereas
for V series, ry (pHgpec = 10) increases with increas-
ing former-O-V (except 8 V). There is no obvious trend
between r, and the linkages for the CJ series as shown in
Figure 2 (pHggec = 9).

3.2 | Dissolution results

Initial dissolution rate values (ry) for the Zr and CIJ series
were previously published and discussed,’>*° whereas the

ro values of the V series were newly measured in this study.
Figure 3 shows the normalized mass loss (NL) of Si for the
V series tested at pHggec = 10 and 2, and the calculation
of NLg; with shrinking core model applied can be found
in a previous study.”” Equivalent thickness (calculated
from NL divided by glass density) at pHggoc = 10 can be
found in the SI section, where the results indicate that all
the glasses dissolved nearly congruently (Figure S1) and at
the same rate (r,) throughout all time points (as indicated
by the linear behavior of the curves, see Figure 3A). At
PHggec = 10, the NLg; increases with increasing V,0s
concentration in glass, except that 5 and 8 V show the same
NLg;, and r,, increased from 17 to 71 g m—2 d~! (based on Si,
as shown in Table 1). Although at pHggec = 2, nonlinear
behavior is shown for the vanadium containing glass
(Figure 3B). The 5 h NLg; values for ISG and 5 V samples
measured at pHggec = 2 are about 20 and 9 times smaller,
respectively, than the values obtained at pHggoc = 10. The
ro values of ISG (based on Si) measured in this study are 17
(pHggec = 10) and 0.962 (pHgpec = 2) g m—2 d~! (Table 1),
which are comparable with the previous findings’!” listed
in Section 1.

Under acidic conditions, the incongruent dissolution of
the glasses was observed as expected. The much smaller
rate under acid condition (shown in Table 1 and Figure S3)
was due to the fast formation of alteration layers, as well as
modification of the hydrolysis energy for Si under acidic
condition. Kaya et al.”’ observed a blueshift of the Si-O
band after the loss of modifier ions as well as boron species
from the glass network, which indicates that the depleted
glass became closer to a more durable silica glass, leading
to a resistance of the remaining glass network to further
hydrolysis. Figure 4 shows the equivalent thickness of Si,
B, Na, Al, Ca, and V tested at pHgpec = 2. The dissolu-
tion behavior of ISG and to a lesser extent that of 5 V
indicate that there is a rate change over time, particularly
between the first and second hours. These observations
suggest that ISG and 5 V did not dissolve at r, throughout
the entire experiment; therefore, these data were excluded
from model fitting in this paper.
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FIGURE 3 Normalized loss of Si (NLg;) for the V series tested at pHgy.c = 10 (A) and 2 (B)
3.3 | Initial dissolution rate model obtained from MD simulation. The coefficient of deter-

A linear model was fitted using the data with pHggec
between 6.9 and 10, where the dissolution rate values at
PHogo-c = 2 were not used due to the issues discussed in the
previous section. Table 2 lists the fitted model coefficients,
standard errors of the coefficients (i.e., the standard devia-
tion of the coefficients), and model-fit summary statistics.
This model contains parameters, including pH, Al-O-B,
Al-0-Si, Si-O-Si, former-O-Zr linkages, and percentages
of non-bridging oxygen (NBO) among all the oxygen speci-
ation (i.e., bridging oxygen, NBO, and tri-bridging oxygen)

mination (R?) and root mean square error (RMSE) of the
model are 0.949 and 0.681, respectively. The model well
represents the data fitted; however, the coefficients will
likely need to be updated if applied to a wider compo-
sitional range and/or r, is measured under a larger pH
range. R? press and R? adjusted are 0.887 and 0.935, respec-
tively, which are slightly smaller than R? (0.949), indicating
that no data points have a dominating effect in determin-
ing the fit of the model and that the model contains no
unnecessary terms. R adjusted and R? press can take neg-
ative values for a poor-fitting model that contains several
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FIGURE 4 Equivalent thickness of International Simple Glass (ISG) (A) and 5 V (B) tested at pHyo-c = 2. Equivalent thickness at

PHggec = 10 can be found in the SI section.

more terms than needed to fit the data or a model fitted
to data with one or more very influential data points.’!
More detailed descriptions and equations of R?, RMSE,
R? adjusted, and R? press can be found in the SI section.
In addition, nonlinear (higher order) and mixing effects
were also evaluated, but they were ultimately found to be
insignificant. Furthermore, linear and nonlinear models
were fitted (also guided by stepwise regression) using glass
compositions and pH as input parameters for this current
dataset, where the highest R? was found to be 0.748 with
an R? press of 0.438, and the highest R? press was found to
be 0.548 with an R? of 0.682.

Figure 5 displays the predicted versus measured r, val-
ues, showing that this model can predict a wide range of
ro without a bias. Figure 6 shows the predicted individ-
ual component effects on In[r,, g m~2 d~!]. Higher pH and
NBO result in a higher r, value, whereas higher fractions
of Al-O-B, Al-0O-Si, Si-0O-Si, and former-O-Zr linkages
slightly decrease ry. The AI-O-B term has a large model
coefficient (—30.09) and a small component effect (i.e., a
small negative slope shown in Figure 6), which is due to the
small fraction (less than 5%) of Al-O-B in all the glasses.
The Si-O-B and former-O-V linkages have a negligible
impact on the model from stepwise regression analysis,
based on the fact that they have high p-values indicating
the insignificance of the model term and have no impact on
R? and R? press values. However, these linkages can affect
the dissolution rate calculations by changing the fractions
of the other former-O-former linkages (e.g., reducing Si
network connectivity hence smaller fraction for Si-O-Si
linkage). The effects of vanadium oxide on glass proper-
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FIGURE 5 Predicted (error bars: 95% prediction interval)

versus measured (error bars: 30% r,?) plot of In[ry, gm=2 d~!]

ties have been experimentally confirmed previously, where
2 mol% V,0s addition to ISG was found to reduce the glass
transition temperature.**

4 | DISCUSSION

Various efforts have been conducted to develop models to
predict r, using approaches such as machine learning, the
application of the kinetic rate equation, TCT, and QSPR
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FIGURE 6
In[ry, gm=2d™]

Predicted individual component effects on

analysis with descriptors from MD simulation. Table 3
shows a comparison of a few example models and the
one developed in this study. Anoop Krishnan et al.”’ and
Lillington et al.?’ studied the ability of various machine
learning algorithms to predict radioactive waste glass dis-
solution. Although some algorithms can achieve high
accuracy, the model performance is highly dependent on
input variables and data size. Additionally, machine learn-
ing approaches are prone to overfitting, and often without
physical interpretation or insight of the results. The lin-
ear regression models based on the kinetic rate equation
developed by Vienna et al.!” provide chemically mean-
ingful interpretations of the coefficients; however, the
current models are only valid over composition region(s)
applicable for waste vitrification.

Topological constraints from TCT are straightforward
to calculate on the basis of glass composition. This
approach is thus relatively easy to implement, lead-
ing to applications such as predicting glass properties,*
including glass transition temperature,” thermal expan-
sion coefficients,” Young’s modulus,” and dissolution
rates.””?> Even though this approach is simple, it does have
a physical interpretation,”” but with a significantly simpli-
fied picture of glass structure. In addition, it is challenging
to obtain topological constraints (e.g., bond-bending and
bond-stretching) for cations that have multiple oxidation
states and coordination environments, interfering with its
application on complex materials.>

The QSPR analysis based on MD results is another
powerful method that can provide a clear physical inter-
pretation of the results. The approach combines glass
short-range structural information with energetics, such
as bond strength in the structural descriptor such as Fy,
and has been used to correlate glass properties, such
as density,® thermal expansion coefficient,”> mechani-
cal properties,®® and dissolution.*'** MD simulations

with recent potential developments*’ provide detailed
structural information such as cation coordination envi-
ronments and glass former Q, distributions; however,
the application of this approach on complex materials
is limited by unknown bond energy information (e.g.,
V4 -0 and V>*-O bonds) and available MD potential
parameters. Other descriptors based on the glass structure
such as fraction of NBO, average network connectiv-
ity, and average ring size have also been explored as
structural descriptors,®” but none of the previous studies
have used the statistics of network cation—-oxygen-network
cation linkages, a key information of the glass network
structures.

In this study, we expand the QSPR analysis to use these
network linkages. A linear regression model based on MD
structure was developed and shown to provide accurate
predictions of r, for a large range of glasses and pH val-
ues. The model coefficients can also be explained and have
physical meanings. In order to identify the effect of pH fur-
ther, more data in which several glasses are measured at a
wider range of pH values are needed in the future model-
ing works. Even though the model’s coefficients will likely
need to be updated with data from a wider compositional
space and pH range, the results of this work show that the
approach is promising to provide simple calculations and
accurate predictions of r. Density function theory calcu-
lations of various energy barriers**’ of breaking former
linkages under basic, neutral, and acidic environments
would improve the model in the future. However, a consis-
tent set of energy barrier sets for the hydrolysis of various
linkages is still lacking, as was summarized by Du and
Rimsza.*® Additionally, theoretical calculations of NBO for
multicomponent glasses and polyhedral linkages based on
MD simulation would greatly help to simplify the pro-
cess of obtaining structural descriptors and accelerating
the application of these models.

In terms of the effect of V,05 on glass dissolution, Sili-
gardi et al.”® observed increasing dissolution rates with
additions of 1 mol% V,0s in Ca-Zr silicate glasses by test-
ing with 2 g of glass powder in 50 ml stirred bi-distilled
water at 98°C for 60 min. Their finding is consistent
with the results in this study. Up to 4.09 wt% V,05 addi-
tions to high-sodium (low activity waste) glasses have
negligible to slightly positive effects (i.e., increasing) on
product consistency test (PCT) and vapor hydration test
(ASTM Method C1663°°) responses.’’ However, the addi-
tion of V,05 (2 mol%) was previously found to reduce the
extent of ISG dissolution in a 112-day static dissolution
test (surface-area-to-solution-volume ratio of 200 m™! in
a pH,s.c = 7 TRIS buffer solution).’” This reduced disso-
lution may be due to the reaction of vanadate with either
hydroxyl and amino functions of TRIS and the formation
of V(V) complexes,® leading to a reduced pH at the end
of the test comparing to the other samples without V,0s.
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Lian et al.® recently found that V,0s can effectively sup-
press the crystallization tendency of CaMoO, and improve
the solubility of MoOs in Mo-bearing aluminoborosilicate
glass, while maintaining a low dissolution rates as com-
pared to standard borosilicate waste glasses tested using
the PCT.

Taken together, these results suggest that the impact of
vanadium on glass corrosion is not the same across all
the glass compositions and test conditions. This type of
nonuniformity in impact was also observed for elements,
such as Mg,>>% A1,%4% Zr,% and Zn.?” For instance, Cail-
leteau et al.®® discovered that substituting SiO, by ZrO,
slows the initial dissolution rate, but ultimately leads to
a greater degree of corrosion, due to the slower alteration
layer formation and densification. The results of this study
convincingly demonstrate that increasing V,05 in glass
changes the overall Si network connectivity and, hence,
impacts ry. Thus, glasses with different starting compo-
sitions/structures can lead to different impacts of V,0s
addition on ry. V,05 effects on residual rate (as indicated
by longer term static tests) are likely due to either the
impact on surface layer properties or activity of glass com-
ponents in solution. Therefore, although the current model
works well for initial dissolution rate prediction, in order
to predict the residual rate, future models, including other
structural and/or external parameters to predict alteration
layer formation, are needed.

The r, data measured at pHgyp.c = 2 were excluded
from model fitting due to the nonlinear release of Si,
leading to questions regarding how to define ry and how
to correlate measured r, to glass structure in acid con-
dition. If Si release is linear and maximum for a given
temperature and pH, it is assumed that r, based on Si
corresponds to the maximum rate for glass matrix disso-
lution (main glass network) regardless of the dissolution
behavior of the other elements, such as B, Na, and Ca (i.e.,
congruent or incongruent). This is the case for the model
developed in this study. However, when a glass dissolves
incongruently and Si release is nonlinear, glass matrix dis-
solution corresponds to various factors (e.g., dissolution of
the other elements, properties of the alteration layers, solu-
tion feedbacks); therefore, direct correlation of measured
¥y to glass bulk structure is no longer possible. Future work
on the correlation of glass bulk structure—alteration layer
formation—glass matrix dissolution under acid condition
is thus needed.

5 | CONCLUSION

In this work, we propose a new model that is based on
the statistics of network former-oxygen-network former
linkages from MD simulations as a main descriptor for

the initial dissolution rate prediction for a wide range
of borosilicate glasses. The correlation between network
former linkages and the initial dissolution rate r, mea-
sured at different pH values of a series of 28 glasses was
studied. A high-fidelity linear model that provides good
predictions without higher order or mixing terms was
obtained using the linkages and NBO obtained from MD,
with R? and RMSE values of 0.949 and 0.681, respectively.
Higher pH and NBO result in a higher r,, whereas higher
fractions of Al-O-B, AI-O-Si, Si-O-Si, and former-O-
Zr linkages slightly decrease r,. Even though this model’s
coefficients likely need to be updated with data that have a
wider compositional space and pH range, this approach is
promising to provide simple calculations and accurate pre-
dictions of ry. Future works should include consistent sets
of hydrolysis energy barriers of these linkages, theoreti-
cal calculations of NBO, and polyhedral linkage types (e.g.,
corner versus edge sharing), which could further improve
the model application.
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