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Quaternary CaO-MgO-Al,05-Si0, (CMAS) glasses are important constituents of the Earth’s lower crust
and mantle, and they also have important industrial applications such as in metallurgical processes, concrete
production, and emerging low-CO, cement technologies. In particular, these applications rely heavily on the
composition-structure-reactivity relationships for CMAS glasses, which are not yet well established. In this
study, we combined force-field molecular dynamics (MD) simulations and density functional theory (DFT)
calculations to generate detailed structural representations for a CMAS glass. The generated structures are not
only thermodynamically favorable (according to DFT calculations) but also agree with experiments (including
our x-ray and neutron total scattering data as well as literature data). Detailed analysis of the final structure
(including partial pair distribution functions, coordination number, and oxygen environment) enabled existing
discrepancies in the literature to be reconciled and has revealed important structural information on the CMAS
glass, specifically (i) the unambiguous assignment of medium-range atomic ordering, (ii) the preferential role
of Ca atoms as charge compensators and Mg atoms as network modifiers, (iii) the proximity of Mg atoms to
free oxygen sites, and (iv) clustering of Mg atoms. Electronic property calculations suggest higher reactivity for
Ca atoms as compared with Mg atoms, and that the reactivity of oxygen atoms varies considerably depending
on their local bonding environment. Overall, this information may enhance our mechanistic understanding on
CMAS glass dissolution behavior in the future, including dissolution-related mechanisms occurring during the

formation of low-CO, cements.
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I. INTRODUCTION

The structure and properties of silicate glasses are of sig-
nificant interest to many scientific and technological fields
such as condensed matter physics, geology, glass science,
materials chemistry, energy, medicine, and advanced commu-
nication systems [1,2]. In particular, CaO-Al,03-SiO, (CAS)
ternary glasses are one of the most studied glass systems
due to their advantageous optical, mechanical, and chemi-
cal properties [3—5], rendering them an attractive option for
a wide range of applications such as nuclear waste encap-
sulation, high performance glasses, ceramics, metallurgical
processes, and cements [6]. The structure of a CAS glass gen-
erally consists of silicate and aluminate tetrahedra (commonly
referred as network formers) connected via their bridging
oxygen (BO) atoms to form a network, which is modified by
calcium cations (network modifiers). The impact of calcium
on the aluminosilicate network structure is twofold: (i) to
charge-balance the negative charge associated with aluminate
tetrahedra (i.e., AIO,7), and (ii) to break the aluminosilicate
network creating nonbridging oxygen (NBO) atoms. The in-
troduction of network modifiers (e.g., Ca) alters the structural
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properties of aluminosilicate glasses (e.g., relative amounts
of BO and NBO) and consequently changes their physical,
optical, mechanical, thermal, and chemical properties [7-9].
Hence, the structural properties of ternary CAS glasses have
been widely studied both from an experimental [10-25] and
computational [7,26-33] viewpoint.

Magnesium is another common network modifier that has
an impact on the aluminosilicate network structure similar
to calcium [34]. In fact, quaternary CaO-MgO-Al,03-SiO;
(CMAS) glasses are important constituents of the Earth’s
lower crust and mantle [34,35] and have industrial applica-
tions including metallurgical processes, concrete production,
and emerging low-CO;, cement technologies [36-43]. For
instance, both CMAS (e.g., blast-furnace slag from steel
manufacturing process) and CAS (e.g., coal-derived class C
fly ash) glasses are often used to partially replace ordinary
Portland cement (OPC) in concrete production to (i) en-
hance the mechanical properties and long-term durability of
concrete and (ii) lower the CO, emissions associated with
use of OPC [43]. In addition, both CMAS slag and CAS
fly ash are important precursor materials for synthesis of
alkali-activated materials (AAMSs), which constitute a class
of low-CO, cements with excellent mechanical, thermal, and
chemical properties when properly formulated [42]. Both
applications have great potential to significantly reduce the
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environmental impact of the current cement industry, which
accounts for 8-9% of global anthropogenic CO, emissions
[44]. Furthermore, CMAS glass has been identified as a major
source of corrosion and premature failure for ceramic thermal
barrier coatings used to enhance the high-temperature behav-
ior of alloys in spacecraft and aircraft [45,46].

To fully harness the benefits of CMAS glasses in these ap-
plications, it is critical to develop the composition-structure-
property relationships for the CMAS glass systems, and this
necessitates the development of detailed realistic atomic struc-
tural representations. Computational tools such as ab initio
and force-field molecular dynamics (MD) simulations have
been used to predict glass structures, uncovering important
structural details that are difficult to obtain solely with ex-
periments. Specifically, force-field MD simulations have been
widely used to predict the structure and properties of various
silicate glasses and melts, including CAS [7,27,28,30-33,47]
and CMAS [37,48-52] glass systems. A key advantage of
force-field MD simulations compared with those based on
ab initio MD is their relatively high computational efficiency,
however, the accuracy of these simulations is highly depen-
dent on the accuracy of the chosen force field for the material
in question [31], where the force field is developed typically
by refining the force-field parameters against limited experi-
mental data and/or ab initio calculations [53]. Alternatively,
a glass structure can be generated using ab initio MD in a
more accurate and less biased manner, where the electronic
structure calculations based on the Schrédinger equation are
used instead of force fields. However, one major drawback
of ab initio MD is its high computational demand that limits
its application to relatively small systems and short simula-
tion time for the modeling of silicate glasses [26,29,54-58],
as compared to MD simulations. Studies have shown that
modeling of silicate glass structures based on small systems
(e.g., ~100 atoms) exhibits strong finite size effects on the
structural properties (e.g., radial distribution functions and
bond-angle distributions) [26,27].

In this study, we have combined force-field MD simula-
tions with ab initio based density functional theory (DFT)
calculations to generate realistic structural representations
for a quaternary CMAS glass. This protocol involved sub-
jecting five randomly generated structures (each with 439
atoms) to a melt-quench process using force-field MD sim-
ulations (widely used for modeling of silicate glass structure
[37,59,60]) to obtain ten amorphous starting structural rep-
resentations for the CMAS glass. The NVT ensemble was
used for the melt-quench process where the density of the cell
was adjusted accordingly and cooling rates of 0.57-1 K/ps
were adopted. These structures were subsequently geometry-
optimized using DFT calculations to further improve the
accuracy of the structural representations. X-ray and neutron
total scattering data were collected on an amorphous blast-
furnace slag with the same CMAS composition to ensure that
the DFT-optimized structures capture the short- and medium-
range ordering in the CMAS glass. We then thoroughly
analyzed the structural properties of the ten final structural
representations and compared with literature data, where im-
portant structural information on the CMAS glass has been
uncovered. Specifically, key attributes that are computed and
compared include the partial pair distribution functions, coor-

dination numbers, oxygen environments, and distribution of
the network modifiers around oxygen species. Finally, we cal-
culated the electronic properties of the CMAS glass based on
one DFT-optimized structure to evaluate the potential reactive
sites. Overall, this study highlights the power of combining
force-field MD simulations and DFT calculations to generate
realistic structural representations for a CMAS glass. The
generation of realistic structural representations will be par-
ticularly helpful for further developing our understanding of
dissolution kinetics and mechanisms of CMAS glasses (and
other types glasses) in aqueous environments when combined
with experimental techniques such as in situ pair distribution
function (PDF) analysis.

II. METHODS

A. Experimental details

A quaternary CMAS glass powder with a chemical com-
position of 42.3 wt % CaO, 32.3 wt % Si0O,, 13.3 wt % Al, O3,
and 5.2 wt % MgO (the Australia slag in Ref. [36], measured
using x-ray fluorescence) is used in this investigation. This
slag sample is a commercial byproduct from a steel manufac-
turing plant produced by rapid quenching of molten slag often
using jet water stream to retain a glassy state. This sample also
contains trace amounts of other oxides, e.g., SOz (2.86 wt %),
Fe, 03 (0.6 wt %), TiO, (0.49 wt %), K,0O (0.33 wt %). How-
ever, these trace oxides were not included in the simulations
because (i) their molar percentages are much smaller than the
four main oxides (i.e., CaO, SiO,, Al,O3, and MgO), and
(ii) most sulfur in blast-furnace slag (CMAS glass powder
used here) exists in sulfides [61], meaning that S incorporation
into the glass phase is limited. Hence, only CaO, SiO;, Al,Os3,
and MgO were included in the simulation of the glass struc-
ture. This CMAS glass has a similar chemical composition to
a glass structure reported in the literature that was produced
using force-field MD [52].

X-ray total scattering data were collected on the sample at
room temperature on the 11-ID-B beam line at the Advanced
Photon Source, Argonne National Laboratory, using a wave-
length of 0.2114 A and a Perkin-Elmer amorphous silicon
two-dimensional image plate detector [62]. The wavelength
was selected to provide a compromise between high flux
(statistics), Q resolution, and a sufficient maximum momen-
tum transfer. The sample was measured in a 1-mm-diameter
polyimide capillary. The program FIT2D [63,64] was used
to convert data from two dimensions to one dimension with
CeQO; as the calibration material. The PDF, G(r), is calcu-
lated by taking a sine Fourier transform of the measured
total scattering function S(Q), where Q is the momentum
transfer, as outlined by Egami and Billinge [65]. The x-ray
PDF data were obtained using PDFgetX2 [66], with a Qnax of
20 A='. The instrument parameters (Qproad = 0.016 A~! and
Qdamp = 0.035 A1) were obtained by using nickel (a standard
calibration material) and the refinement program PDFgui [67].

Neutron total scattering data were collected on the NPDF
instrument at the Lujan Neutron Scattering Center, Los
Alamos National Laboratory [68]. The sample was loaded in a
vanadium can and measured for 8 hours at room temperature.
Standard data reduction for generation of the neutron PDF
was performed using the PDFgetN software [69], including a
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background subtraction to remove incoherent scattering [70].
A QOmax value of 20 A~! was used to produce the PDF. The
neutron instrument parameters were produced using a sili-
con calibration material (Qproag = 0.00201 A-1 and Qdamp =
0.00623 A1),

B. Computational methods

To generate detailed structural representations for the
CMAS glass measured above, we performed force-field MD
simulations followed by DFT geometry optimization on a
periodic box consisting of 439 atoms. All force-field MD
simulations were performed with the ATK-Forcefield module
in the QuantumATK software package [71,72]. First, five ran-
dom structures consisting of 439 atoms each with a chemical
composition of (Ca0)g,(MgO)14(Al,03)14(Si0;)s9 (similar
chemical composition as the experimental sample discussed
above) were generated in cubic unit cells. The size of the cell
was selected based on two competing considerations: (i) a
minimum of ~200 atoms are required to limit the artificial
finite size effects on the structural properties of CAS glasses
[27], and (ii) the prohibitive computational demand of a large
system size for subsequent DFT calculations. The density
of the unit cell was initially set at 2.40 g/cm?, which is the
estimated density for the CMAS glass at a temperature of
5000 K (detailed calculations for this density estimate us-
ing a method outlined in Ref. [73] and justification of the
approach are given in the Supplemental Material [74]). For
all force-field MD simulations, the interatomic potential and
parameters developed by Matsui for crystals and melts of the
Ca0-MgO-Al,03-Si0, system were used [75].

Each random structure was first subjected to an MD sim-
ulation at 5000 K for 1 ns to ensure the loss of the memory
of the initial configuration and to reach an equilibrated melt
state. The melt was then quenched using MD from 5000 to
2000 K in 3 ns followed by equilibration at 2000 K for 1
ns, before being further quenched from 2000 to 300 K in
3 ns, followed with another 1 ns equilibration time at 300
K. We have checked to ensure that 1 ns at 2000 K is suffi-
cient for the equilibration of even the slowest atoms in the
system (i.e., Si and Al), with the results (e.g., mean square
displacement) shown in Figs. S1 and S2 of the Supplemental
Material. The MD cooling rates of 1.0 and 0.57 K/ps were
used here because it has been shown for silicate glasses that
the structural properties of the resulting glasses (especially
short-range structural ordering, such as the PDFs, bond an-
gles, and coordination numbers) are close to convergence at
MD cooling rates lower than 1 K/ps [59,60]. The canonical
NVT ensemble (with the Nosé Hoover thermostat) and a time
step of 1 fs were used for all the MD simulation steps above,
while the density of the unit cell volume was adjusted to nu-
merically estimated values at the corresponding temperature
(calculations shown in the Supplemental Material) at the start
of each equilibration step. The NVT ensemble was selected
(as opposed to the NPT ensemble, which has been used in
previous MD simulations [31]) because we found that the
NPT ensemble with the Matsui force field [75] overestimates
the density of the structure by ~5-7%. This overestimation
of density using NPT has also been reported in a previous
investigation using the same Matsui force field [31] and an-

other commonly used force field for CMAS systems (e.g.,
Guillot [76]). Recently, a study on alkali aluminosilicate
glasses [77] has explored the impact of force-field type on
glass density and showed that the estimated densities with the
NPT ensemble are up to ~10% different from the experimen-
tal values.

The density of the 300 K final MD structures (2.87 g/cm?)
agrees with experimental data on CMAS glasses that have
similar compositions [38,39]. The evolution of ground-state
energy of one 300 K MD structure (using single point DFT
energy calculation) as a function of cell volume (Fig. S3 in
the Supplemental Material) further confirms that the estimated
density is accurate. Two configurations during the last 500 ps
of the MD equilibration step at 300 K (separated by 500 ps)
were extracted, leading to a total of ten structures for subse-
quent DFT calculations. The final unit cells have dimensions
of ~18 x 18 x 18 A3,

The configurations extracted from the MD simulations
were then subjected to DFT geometry optimizations using
the VASP software (version 5.4.1) [78]. The purpose of the
DFT calculations was to further improve the chemical fea-
sibility of the MD-generated structures. All DFT calculations
were performed with the generalized gradient approximation—
Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional [using projector augmented wave (PAW) potentials]
where the Brillouin zone was sampled using a 2 x 2 x 2
Monkhorst-Pack mesh for k points. Atomic positions were
optimized using the conjugate gradient method, where the
total energy was minimized with the cell density fixed at
2.87 g/cm?. For the geometry optimization, a “low” precision
was initially employed, where an energy convergence crite-
rion of 1072eV (i.e., EDIFF in INCAR file) was adopted
and a relatively large level of Gaussian smearing (0.2 eV
width of smearing) was employed to aid convergence. The
structure was further optimized using “low” precision without
smearing before being subjected to another round of geometry
optimization using the “accurate” setting, where the energy
convergence criterion was 1072 eV. A cutoff energy of 500 eV
was used for the plane-wave basis set for all DFT calculations.

The simulated PDFs (both x-ray and neutron) of the final
structural representations were produced using the PDFgui
software [67]. The atomic displacement parameters were set
at u;> = 0.003 A2, and the experimentally determined values
for the Q-dependent instrument resolution (Qgamp = 0.035
and 0.00623 for x-ray and neutron data, respectively) and
peak broadening (Qproaa = 0.016 and 0.00201 for x-ray and
neutron data, respectively) parameters were used. The level
of agreement between simulated and experimental PDFs was
assessed in terms of the R, value as defined in the PDFgui
software [67], where a smaller R,, value implies better agree-
ment. More details on the definition of R, and the calculations
of the simulated total and partial PDFs are given in the Sup-
plemental Material.

III. RESULTS AND DISCUSSION
A. Experimental x-ray and neutron data

The experimental x-ray total scattering data for the CMAS
glass powder are displayed in Fig. 1(a), which shows that
this glass sample is predominately amorphous, as evidenced
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FIG. 1. (a) Stacked plot of the x-ray and neutron total scattering
functions, (b) x-ray PDF, and (c) neutron PDF of the CMAS glass.
Insets in (b) and (c) show a zoom of the PDF over an r range of
1-4 A,

by the absence of any obvious Bragg peaks. The neutron
total scattering data in Fig. 1(a), which were collected at a
much higher Q resolution than the x-ray data, do exhibit sev-
eral small Bragg peaks indicative of a very small crystalline

impurity. However, the contribution of the crystalline phase(s)
to the atom-atom correlations in the PDF data is minimal, as
evidenced by the lack of long-range ordering in both the x-ray
and neutron PDFs displayed in Figs. 1(b) and 1(c), respec-
tively. Furthermore, Figs. 1(b) and 1(c) show that the CMAS
glass contains obvious short- (<~3 A) and medium-range
(~3-10 A) structural ordering, which is consistent with the
structural features of silicate glasses [10,19,24,79,80]. Note
that the peaks below r ~ 1.4 A in Figs. 1(b) and 1(c) are
artifacts due to statistical noise, data termination errors, and
imperfect corrections [65].

The nearest neighbor correlations at ~1.62, ~2.00, ~2.35,
and ~2.67 A can be assigned unambiguously to Si/Al-O,
Mg-O, Ca-O, and O-O correlations, respectively, based on
literature data on aluminosilicate glasses [76]. However, as-
signment of the atomic correlations above ~3 A for an
amorphous material is difficult without an appropriate struc-
tural model (the structural representations generated in this
investigation will be used to assign these atomic correlations
later in the paper). It is noted that the x-ray and neutron
data are complementary: the atom-atom correlations involving
heavier elements (e.g., calcium-calcium and calcium-silicon)
are more strongly weighted in the x-ray data than in the
neutron data whereas correlations involving oxygen (e.g.,
oxygen-oxygen, calcium-oxygen, silicon-oxygen) dominate
the neutron data due to its abundance in the sample (over 50%)
along with its large neutron scattering length. Nevertheless,
since the x-ray PDF data show more features compared with
the neutron data, especially between 3 and 10 A, the x-ray
PDF data have been weighted more heavily when evaluating
the level of agreement between the simulated data from the
structural representation and the experimental PDF data.

B. Agreement between experiment and computation

Figures 2(a) and 2(b) display the comparisons between
the experimental x-ray and neutron PDF data and the sim-
ulated x-ray and neutron PDFs obtained from a typical
MD-generated initial structure and the corresponding DFT-
optimized structure. The level of agreement achieved here
for the DFT-optimized structure (R, =~ 0.35) is better than
our previous studies on the modeling of the atomic structure
of amorphous magnesium carbonate (R, ~ 0.48) [81] and
metakaolin (R,, & 0.77) [82], and is comparable with sev-
eral other studies on the modeling of the atomic structure of
nanoparticles (e.g., gold nanoparticles, R,, ~ 0.26) [83] and
amorphous solids (e.g., silicon [84] and graphene [85]).

It is clear that the structures generated here have captured
the amorphous nature of the CMAS glass, specifically by
the significant decrease in intensity beyond 4 A for both the
x-ray and neutron simulated PDFs [Figs. 2(a) and 2(b) and
Fig. S4 in the Supplemental Material]. The structure also
shows improved agreement with the x-ray experimental PDF
data after undergoing the DFT calculation [Fig. 2(a)]. The R,,
value is seen to decrease from 0.48 to 0.35, and the mag-
nitude of reduction in R, (i.e., the extent of improvement)
is similar for all ten structural representations as shown in
Figs. S4 and S5 in the Supplemental Material. Figure 2(a) and
Fig. S4a (averaged over all the ten structural representations)
show that the improved agreement after the DFT geometry
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FIG. 2. Calculated (a) x-ray and (b) neutron PDFs from a force-

field MD-generated CMAS glass structure and the subsequent DFT

geometry-optimized structure, as compared with the experimental PDF data. Comparisons based on the average of all the ten structural
representations are given in Figs. S4a and S4b in the Supplemental Material.

optimization is mainly attributed to (i) an improved fit of
the nearest X-X correlations between 3 and 4 A (X = Si, Al
Mg, and Ca; potential correlations include Si-Si, Si-Al, Al-Al,
Ca-Si, Ca-Al, Ca-Mg, Ca-Ca, and Mg-Mg [52]), and (ii) a
more accurate estimation of the Ca-O bond distance (i.e.,
~2.35 A as opposed to ~2.42 A from MD simulations, as
seen in Table I).

As further illustrated by the partial PDFs in Fig. 3 and
Figs. S6 and S7 of the Supplemental Material, the improved
agreement with the experimental data at ~3-4 A is mainly
attributed to the enhanced intensity of Ca-Ca and Ca-Si partial
PDFs after DFT optimization. This enhanced intensity could
be the result of the combined effect of the slightly altered (i)
Ca-O distance in the first coordination shell (Table I), (ii) Ca-
O-Si and Ca-O-Ca angular distributions (see Figs. S8h and S8;j
in the Supplemental Material), and (iii) coordination number
distributions (see Fig. S9 and Table S1 in the Supplemental
Material). In addition, DFT optimization is also seen to induce
subtle improvement or changes to other local and medium
range structural features including (i) the nearest interatomic
X-0 distances (Table I, and Fig. S6 and Table S2 of the Sup-
plemental Material) and the second nearest interatomic X-O
distances (Table S3 in the Supplemental Material), (ii) propor-

tions of corner-, edge-, and face-sharing X-O-X configurations
and interatomic X-X distances between connected polyhedra
(Table S4 and Fig. S10 of the Supplemental Material), (iii)
inter- and intrapolyhedra angular distributions (e.g., O-X-O
and X-O-X; Fig. S8 of the Supplemental Material), and (iv)
elimination/reduction of energetically less favorable coordi-
nation configurations (e.g., V-fold Si, VI-fold Al, and IV-fold
Mg, see Table S1 of the Supplemental Material). Brief dis-
cussions of these detailed structural analysis results are also
given in the Supplemental Material in the context of available
literature data.

Overall, these results show that the DFT calculations lead
to a better estimation of both the short- and medium-range
atomic structure (specifically the level of agreement obtained
with the x-ray PDF data) as compared with the MD-generated
structure obtained using a commonly used force field for the
CMAS system [75]. The neutron PDF data in Fig. 2(b) and
Figs. S4b and S5 of the Supplemental Material, however,
show a slight worsening of agreement (R,, increases from 0.31
to 0.36) after the DFT calculation. This is mainly attributed
to a slight overestimation of the O-O distance in the DFT
calculation (Table I), which has been strongly weighted in
the neutron data. This agrees with previous DFT calculations

TABLE I. Comparison of MD and DFT predicted interatomic distances (averaged over ten structural configurations) with the experimental

values reported for different silicate glasses. The values in the brackets
representations.

are one standard deviation, based on the results from the ten structural

Nearest interatomic Experimental PDF data Experimental data

distance (A) MD DFT in this study in the literature Difference® (%)
Si-O 1.63(0.00) 1.64(0.00) 1.64° ~1.61-1.64 [10,18,19,27,76] 0

Al-O 1.75(0.01) 1.77(0.01) N/A ~1.74-1.77 [10,18,19,27,76] 0.9
Mg-O 2.03(0.02) 2.02(0.02) 2.00° ~2.00 [76] 1.0

Ca-O 2.42(0.01) 2.35(0.01) 2.35° ~2.34-2.36 [10,18,19] 0

0-0 2.68(0.01) 2.71(0.01) 2.66" ~2.65-2.67 [19,76] 1.9

2Derived from neutron PDF data.
Derived from x-ray PDF data.

“Refers to the difference between the DFT-derived distance and the experimental data (literature data were used for the Al-O distance, as this
information was not available from the x-ray or neutron experimental PDF data in this study).
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FIG. 3. Impact of DFT optimization on the partial x-ray PDF for
(a) Ca-Si and (b) Ca-Ca pairs in the same structural representation
used to produce the results in Fig. 2. Partial PDFs for a complete list
of different atom-atom pairs in the same structural representations
are shown in Fig. S6 in the Supplemental Material. Comparisons of
the Ca-Si and Ca-Ca partial PDFs based on the average of all the
ten structural representations are given in Figs. S7a and S7b in the
Supplemental Material.

on silica glass in the literature where the PBE functional
has been shown to give a slight overestimation of the O-O
distance [57]. Nevertheless, all the nearest interatomic dis-
tances (including O-O distance) are less than 2% different
from the experimental values (Table I), which is within the
accuracy level of DFT calculations.

The differences seen between the experimental PDF and
the simulated PDF from DFT-optimized structure could be
attributed to a number of limitations of the current study,
which include (i) finite size of the simulation cell, (ii) the
rapid cooling rate adopted in the force-field MD simulations
(~10'? K/s) used to prepare the initial amorphous structure as
compared with that for typical experimental condition (1-100
K/s [60]), (iii) the presence of a small crystalline impurity and
other trace elements (e.g., Fe, Ti, and S) that are not consid-
ered in the computation, and (iv) the limited ability of DFT
geometry optimization to dramatically alter the glass structure
(as compared to ab initio MD). The last aspect shows the need
for future research using ab initio MD for further optimization
of the structure, although ab initio MD is computationally
more demanding and cannot always reproduce all structural
features accurately. For example, an ab initio MD study [54]
showed that the ab initio method underestimates the Si-O-
Si/Al angles (compared to experimental data and force-field
MD simulations) for natural silicate melts, partially due to the
lack of description of long-range electron correlation in the
study.

C. Analysis of the final structural representations

Figure 4(a) displays a typical final structural represen-
tation for the CMAS glass obtained after DFT geometry
optimization, which clearly shows the amorphous nature of
the structure. In general, the structure can be described largely
as a depolymerized chainlike network structure consisting of
corner-sharing SiO4 and AlOy4 tetrahedra [86]. The alumi-
nosilicate network in Fig. 4(b) reveals a considerable amount
of Al-O-Al linkages, which will be quantified along with other
structural features in the following subsections. Note that all
the structural features and properties reported below are based

(a)
o Oxygen
© Ccalcium

© Magnesiun

Alumina
polyhedra

Silica
tetrahedra®

FIG. 4. (a) A representative final structure of the CMAS glass
obtained after DFT geometry optimization. (b) The aluminosilicate
network of the CMAS glass structure in (a).

on analysis of ten structural representations that have been
geometry-optimized with DFT calculations.

1. Coordination states

The evolution of coordination number (CN) with in-
creasing cutoff distance for the different atom-atom pairs is
illustrated in Figs. 5(a) and 5(b). It is clear from Fig. 5(a)
that the first coordination shells (involving oxygen atoms) of
Si and Al are well defined since a plateau is reached for the
CNs by 1.8 and 1.9 A, respectively. The Si atoms are 100%
tetrahedrally coordinated (see Table II) while Al atoms are
seen to be dominated by tetrahedral coordination with a small
proportion of V-fold coordination (~3%), as shown in Table IT
(see Fig. S9a and Table S1 of the Supplemental Material for
CN distribution of Si and Al atoms). For the CMAS glass
investigated here, there are excess Ca and Mg atoms in the
structure beyond those required to charge-balance the negative
tetrahedral alumina sites, and therefore there should not be
any V-fold Al atoms in the system based on simple stoichio-
metric considerations [22]. A previous NMR (*’Al) study on
a CMAS glass with a similar chemical composition also sug-
gested a single I'V-fold coordination state for all Al atoms [86].
However, there are many MD simulations and experimen-
tal data (including >’ Al NMR) on peralkali/peralkaline-earth
aluminosilicate glasses [e.g., Na,O-Al,03-Si0, [87], CAS
[10-12,15,28,34], MgO-Al,03-Si0, (MAS) [34,76,88,89],
and CMAS [34,35]], where a small proportion of Al species
with higher coordination states has been identified, in contrast
to what is expected from consideration of the stoichiometry.
In addition, it has been shown that cations with high field
strength (e.g., Ca*" and Mg?") often lead to an increase in the
amount of Al that has a CN above 4 (as compared to low field
strength cations, e.g., Na™ and K¥) [34,35] hence it is possible
for V-fold Al to form in the CMAS glass studied here. It is
noted that the limitations associated with the MD simulations
(as discussed in Sec. III B) may have also contributed to the
formation of V-fold Al.

In contrast with the evident cutoff distances for the average
CNs of Si and Al atoms seen in Fig. 5(a), the CNs for Mg
and Ca atoms (with oxygen) are highly dependent on the se-
lected cutoff distance, which might contribute to the different
oxygen CNs reported in the literature for Mg (~4-7 [76,90—
92]) and Ca (~5-9 [10,16,34]) atoms in silicate glasses from
simulations in comparison with experimental data. By using
cutoff distances corresponding to the first minimum after
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FIG. 5. Evolution of coordination number as a function of cutoff distance for (a) Si/Al/Mg/Ca-O (i.e., number of oxygen atoms surrounding
Si, Al, Mg, Ca), (b) Si-Ca, Si-Mg, Al-Ca, and Al-Mg (i.e., number of Ca, Mg atoms surrounding Si, Al), and (c) Ca/Mg CN ratio around Si, Al,
and fivefold Al atoms. The y-axis Ca/Mg ratio in (c) is calculated using the data in (b), for example, the Ca/Mg ratio around Si is determined
by (Ca CN around Si)/(Mg CN around Si) at each given Ca/Mg-Si cutoff distance. Also given in (c) is the overall composition ratio of the
system. The results are averages based on the ten structural representations optimized using DFT calculations.

the main peak of the partial PDFs, we see in Table II that
the average CNs of Ca-O and Mg-O in the current work
are approximately 6.73 and 5.15, respectively, which are in
agreement with the previously reported values obtained using
simulations and experiments (Table II). Even at these fixed
cutoff distances (Table II), both Mg and Ca atoms have a dis-
tribution of oxygen CNs, as illustrated in Fig. S9b and Table
S1 in the Supplemental Material. Figure S9b and Table S1
show that the Mg environment in the CMAS glass consists of
four-, five-, six-, and sevenfold coordinated sites, with fivefold
dominating as confirmed using x-ray absorption near-edge
structure (XANES) [76,90] x-ray/neutron diffraction coupled
with RMC refinement [76], and MD simulations [51]. Nev-
ertheless, previous NMR (**Mg) studies on MAS and CMAS
glasses show Mg is mainly in six coordination [86,92]. The
discrepancy between different experimental results is partially
attributed to the sensitivity of different experimental tech-
niques to specific Mg bonding environments, as has been
discussed in Ref. [93] for XANES and NMR.

The local coordination environment of the Ca atoms in
the CMAS glass is dominated by six- and sevenfold co-
ordinated Ca, along with the presence of five-, eight-, and
ninefold coordination states (see Fig. S9b and Table S1 in the

Supplemental Material for details). These results agree with
previous experimental and MD studies where Ca has been
shown to mainly reside in distorted sites with six to seven
oxygen neighbors [10,16,34,52,86]. It is noted that literature
data on alkaline-earth silicate glasses generally conclude that
Ca atoms have higher CNs than Mg atoms within their first
coordination shell, which is mainly attributed to the lower
field strength (defined as Z/d?, where Z is the cation charge
and d is the cation-oxygen distance) of Ca cation (~0.36) as
compared to Mg cation (~0.46-0.53) [92].

To evaluate whether there is a preference for a specific
network modifier (i.e., Ca and Mg) to charge-balance Al poly-
hedra, we have calculated the average number of Ca and Mg
atoms around Si and Al atoms as a function of cutoff distance,
as shown in Fig. 5(b). It is clear that the Ca (or Mg) CNs
around Si and Al atoms are similar, indicating no obvious
preference for Ca (or Mg) to associate with Si or Al atoms.
The evolution of the (Ca CN)/(Mg CN) ratio around Si or Al
as a function of the cutoff distance [Fig. 5(c)] shows that this
ratio is slightly higher than the overall Ca/Mg compositional
ratio (~5.9) of the CMAS glass at a cutoff distance of 4-5 A,
where the first coordination shells between the network for-
mers and network modifiers are located. At the fixed cutoff

TABLE II. Coordination numbers at fixed cutoff distances for different atom-atom pairs. For an X-Y atom-atom pair, the coordination
number of X, averaged over the ten DFT-optimized structural representations, is given, along with one standard variation shown in the brackets.
Literature data on different types of silicate glasses (e.g., CAS [6,16], MAS [76,90] MS [92], CMAS [86], and NCAS [47]) are also given for

comparison.
Literature data

Atom Cutoff Current Experiments (e.g., NMR [86,92], Simulations (e.g., MD [6,52]

pairs  distance (A) study XANES [16,47,90], and neutron diffraction [6,10]) and RMC + x-ray/neutron diffraction [76,91])
Si-O 2.2 4.00 (0.00) 4 [86], 4.04 [10] 416,52,76]
Al-O 2.5 4.03 (0.03) 4 [86], 4.1-4.20 [6,10] 4.0-4.10[6,52] 4.1-4.16 [76]
Mg-O 2.9 5.15(0.15) 5190], 6 [86,92] 4.5[91], 4.75-5.09 [76], 5.5 [52], 4.75-5.09 [76]
Ca-O 3.2 6.73 (0.07) 7 [47,86] 6-7 [16] 6.00-6.24 [6], 6.7 [52], 7-7.5 [47]
Si-Ca 4.5 5.96 (0.10) N/A 5.6 [52]

Si-Mg 4.1 0.81 (0.03) N/A 3.5[52]
Al-Ca 4.5 5.58 (0.28) N/A 5.2 [52]
Al-Mg 4.2 0.74 (0.20) N/A 1.4 [52]
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FIG. 6. Proportions of the different types of oxygen species. The
total percentages of tricluster oxygen (TO), bridging oxygen (BO),
nonbridging oxygen (NBO), and free oxygen (FO) are averages
based on the ten DFT-optimized structural representations, with the
red error bar indicating one standard deviation.

distances for each of the Ca/Mg-Si/Al pairs (as shown in
Table II), we get a (Ca CN)/(Mg CN) ratio of ~7.4 and ~7.5
around Si and Al atoms, respectively. At a cutoff distance
larger than 5-6 A, the (Ca CN)/(Mg CN) ratio approaches the
overall Ca/Mg ratio of the sample. These results indicate that
there is a slight preference for Ca cation (over Mg) to associate
with both types of network formers (i.e., Si and Al) within
their first coordination shells, however, the Ca-Mg mixing
around Al and Si atoms becomes completely random outside
the first coordination shells. The same features are also seen
around the fivefold Al site [as shown in Fig. 5(c)], which also
suggests its slight preferential proximity with Ca (over Mg).
The cause of this slight preferential proximity of Ca with Si,
Al, and fivefold Al will be touched on in Sec. IIIC3. It is
noted that this observation is different from a previous MD
investigation [52], which showed that the (Ca CN)/(Mg CN)
ratios around Si (1.6) and Al (3.7) are significantly lower than
the overall Ca/Mg compositional ratio of the CMAS glass in
that study (4.4), indicating a preferential association of Mg
with both Si and Al

2. Oxygen environment

The oxygen environment, and in particular, the proportion
of NBO species, has a large impact on glass properties (e.g.,
hardness [9], chemical reactivity [43], durability [8], and glass
transition temperature [7]). Hence, we have calculated the pro-
portion of different types of oxygen species based on the ten
DFT-optimized structural representations and the results are

shown in Fig. 6. It is seen that the CMAS glass studied here
has an NBO content of ~58.9% (percent relative to the total
amount of oxygen atoms), which gives an NBO/T (T = Si or
Al tetrahedra) of 1.75, a reflection of the degree of depolymer-
ization of the glass structure. This indicates that this CMAS
glass has, on average, a close to short-chain structure, which is
consistent with NMR measurements on a CMAS glass of sim-
ilar composition (with an average Q" species of n = 2.2) [86].
Nevertheless, as shown in Table III, this percentage is slightly
lower than the theoretical NBO content (~64.6%) estimated
using simple stoichiometry arguments [27] and assuming that
the glass system consisted of perfect tetrahedra with only
twofold oxygen atoms [i.e., no free oxygen (FO) that are not
connected with any network formers or tricluster oxygen (TO)
connected with three network formers]. Similar underestima-
tion of the NBO content has been reported in a force-field MD
study for CMAS melts with similar compositional ranges as
the current study [51], nevertheless, studies on CAS glasses
[21,28,29] have often exhibited higher NBO contents than the
theoretical estimation. The discrepancy is mainly attributed
to the fact that a small proportion of FO and TO species are
regularly observed in aluminosilicate glasses [27,28,51,87],
as also shown in the current study (Fig. 6), and their propor-
tion varies considerably depending on the glass composition,
although the limitations associated with the MD simulations
(as discussed in Sec. III B) may have also contributed. The
underestimation of the NBO percent in the current study is
partially due to the relatively high proportion of FO (~2.5%,
as compared to TO of ~0.2%), arising from the relatively
high modifier content (at ~50%, the amount of Ca and Mg
relative to Ca, Mg, Si, and Al). In contrast, the CAS glasses
in Refs. [21,28,29] have much higher proportions of TO (~3—
7%) due to their relatively lower modifier content (~10-30%)
and/or higher Al/Si ratio (>3>1), which may have led to the
higher observed NBO content mentioned above (as compared
to estimation from a simple stoichiometric argument).

The local environment surrounding the NBO sites has also
been analyzed and reported in Fig. 6 and Table III, where
it is seen that the proportion of NBO associated with Si
atoms is about four times higher than that associated with
Al atoms, in contrast with the overall Si/Al compositional
ratio in the CMAS glass (i.e., 2.1 Si atoms for every Al
atom). This suggests that there is a preferential formation
of NBO around Si atoms and BO around Al atoms, which
is consistent with previous studies on aluminosilicate glasses
[14,16,17,28,35,76] where Al atoms are shown to prefer to
reside in more polymerized environments than Si atoms. DFT
calculations have shown that these preferential associations
are mainly attributed to the higher energy penalty for the

TABLE III. Comparison of the proportions of different types of oxygen species [bridging oxygen (BO) and nonbridging oxygen (NBO)]
between the structural representation in the current study and the theoretical estimation based on simple stoichiometric considerations and
random mixing of network formers and oxygens (refer to the Supplemental Material for the calculations). The average values obtained for the
ten structural representations are given along with one standard deviation.

Percentage of different types of oxygen species (%)

BO NBO NBO-Si NBO-Al Si-BO-Si Si-BO-Al Al-BO-Al
Theoretical estimation 359 64.1 43.4 20.6 16.4 159 3.6
Structural representations 38.4 (0.5) 58.9 (1.3) 46.9 (2.1) 12.0 (2.0) 12.3 (1.1) 20.7 (1.8) 5.5(1.4)
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formation of AI-NBO (108 kJ/mol) as compared to Si-NBO
(72 kJ/mol) [13].

With respect to the BO sites, Fig. 6 shows that there is a
small proportion of Al-BO-Al linkages, indicating that the
Al-O-Al avoidance principle (Loewenstein’s rule) prevalent
in crystals is not fulfilled in this CMAS glass, as has been
previously reported on aluminosilicate glasses, including
simulations [27,28] and experiments [20,35]. Interestingly,
the proportion of Al-BO-Al linkages (5.5%) is seen to be
even higher than that estimated from a complete random
distribution of Si and Al atoms around BO sites (3.6%,
as shown in Table III; detailed calculations are shown in
the Supplemental Material). This result indicates that the
Al-O-Al avoidance principle is violated for this CMAS glass,
which is different from several previous studies on NAS and
CAS glasses, where the Al-O-Al avoidance principle is only
partially violated [20,27]. The difference may be attributed
to the higher proportions of strong modifier cations (Ca*"
and Mg?>") in the CMAS glass studied here (as compared to
the NAS and CAS glasses in Refs. [20,27]), since the high
field strength cations favor the negative charge concentration
(e.g., AlI-BO-Al) more than low-strength modifier cations
(e.g., Na™) and hence promote the formation of Al-BO-Al
linkages [20,21,88]. This is supported by another force-field
MD study on CAS glasses, which showed that the proportion
of AI-BO-ALI sites becomes higher than theoretical values
(assuming random distribution of Si and Al atoms around
BO) when the Ca content reaches ~50% [28].

Finally, Table III shows that there is a preferential intermix-
ing of Si-Al around BO, as evidenced by the higher proportion
of Si-BO-Al (~20.7%) and lower proportion of Si-BO-Si
(~12.3%) linkages than the theoretical estimation based on
random mixing of Si and Al (~15.9 and ~16.4%). This pref-
erential Si-Al intermixing is consistent with previous studies
on aluminosilicate glasses where mixing between different
network formers (as opposed to the same type of network
formers) is preferred [35]. This is likely attributed to the often
observed negative enthalpy of mixing between Al-rich and
Al-poor glass, as has been shown in a solution calorimetry
study on CMAS glasses [23,94]. Hence, the deviation from the
theoretical proportions of oxygen species (Table III) is driven
by two competing mechanisms: (i) strong modifier cations
(i.e., Ca®* and Mg?") promote the formation of more negative
BO sites (Al-O-Al > Si-O-Al > Si-O-Si) and (ii) nega-
tive enthalpy of mixing promotes intermixing of Si and Al
atoms (Si-O-Al > Si-O-Si, Al-O-Al). The high proportion of
Ca+Mg atoms in the CMAS glass (over 50%) renders mech-
anism (i) as the dominant mechanism, resulting in the larger
proportion of Al-O-Al linkages than theoretically estimated.
Both mechanisms (i) and (ii) favor formation of Si-O-Al over
Si-O-Si, leading to the higher proportion of Si-O-Al and lower
proportion of Si-O-Si than theoretical estimations (Table III).

3. Distribution of modifier cations around different oxygen species

Figure 7 shows the number of modifier cations (i.e., Ca
and Mg) around the different types of oxygen species within
their first coordination shell (based on analysis of the ten DFT-
optimized structural representations), where the local Ca/Mg
ratio around each type of oxygen species is compared with

Overall Ca/Mg ratio (5.9)
in the CMAS

Average Ca/Mg ratio (7.6) —6—Mg
§round O atoms

onea S /eD

Number of Ca or Mg

TO  Si-BO-Si Si-BO-Al AI-BO-Al NBO-Si NBO-Al FO
Type of Oxygen

FIG. 7. Average number of Ca or Mg around each type of oxygen
species, where TO, BO, NBO, and FO denote tricluster oxygen,
bridging oxygen, nonbridging oxygen and free oxygen, respectively.
The cutoff distances for Ca-O and Mg-O are fixed at 3.2 and 2.9 A,
respectively.

the average Ca/Mg ratio around O atoms (i.e., Ca/Mg of 7.6)
and the overall Ca/Mg compositional ratio in the CMAS glass
(i.e., Ca/Mg of 5.9). The difference between the two Ca/Mg
ratios is attributed to the difference in the average oxygen
CNs of Ca and Mg as seen in Table II (7.6/5.9 = ~1.3 =
6.73/5.15). Given that the O-O distance has been slightly
overestimated (i.e., ~1.9%; Table I), we have evaluated the
impact of lowering Si/Al/Mg/Ca-O cutoff distances by 2-3%
in Fig. 7. The results are presented in Fig. S11 and Table S5
in the Supplemental Material, which closely resemble Fig. 7,
with all the main features remaining the same.

In general, the average number of modifier cations
(both Ca and Mg) increases as the number of net-
work formers around the oxygen site decreases (i.e.,
number of modifier cations increases as transition from
TO to BO, NBO, and FO sites). This is expected
since more cations are required for charge-balancing
as the oxygen sites become increasingly negative [e.g.,
(FO)2_, (Si1/4-NBO)_1, (A11/4-NBO)_5/4, (Siy 4-BO-Si1/4)0,
(Si]/4-BO-A11/4)71/4, and (A11/4-BO-A1]/4)7 /2]. Previous
70 NMR measurements on CMAS glasses suggested a
prevalence of 3Ca-NBO-Si around NBO-Si sites [23]. This
suggestion is generally consistent with our results in Fig. 7,
where an average of ~2.6 Ca atoms are seen around the
NBO-Si sites with 3Ca-NBO-Si as the dominant species (see
Fig. S12 in the Supplemental Material).

Furthermore, the Ca/Mg ratio around the oxygen site is
seen to decrease as the oxygen site becomes increasingly neg-
ative (Fig. 7), which is attributed to the higher field strength of
Mg (as compared to Ca), rendering it more effective in charge-
balancing the more negative oxygen site. It is also seen that the
Ca/Mg ratios around the three BO sites (~9.0-15.5) are higher
than the average Ca/Mg ratio around all O atoms (~7.6),
while the Ca/Mg ratios around the two NBO sites (~7.0) are
slightly lower than this average value. This result reveals a
slight preference for Ca atoms to compensate charge and for
Mg atoms to modify aluminosilicate network (creating NBO)
in the CMAS glass, which is consistent with the observed
preference of a high-field strength cation to associate with
NBO for mixed alkali/alkaline earth glasses (e.g., preferential
association of Ca with NBO for Ca-Na [47,95], and Mg with
NBO for Mg-K [96]).

The lowest Ca/Mg ratio (~4.6) is seen around the FO sites
(Fig. 7), which are the most negative oxygen sites in the
system [i.e., (FO)*, indicating a strong preferential
association of FO sites with the Mg atom (as opposed to
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FIG. 8. (a) Small clusters of Mg atoms in a typical CMAS
structural representation (several Mg atoms from adjecent cell are
also shown), and (b) Mg-Mg partial x-ray PDF calculated using the
ten final structural representations. For clarity, only Mg atoms are
shown in (a) and Mg-Mg pairs with distance smaller than 3.5 A are
highlighted using red dashed circles.

Ca). Again, this preference is attributed to the higher field
strength of Mg atom which enables it to more effectively
charge-balance the highly concentrated negative charge sur-
rounding FO sites. It has been previously shown that the FO
content in CAS glasses with network-modifier molar con-
tents of ~55-61% is around ~0.5-1.0% [28], which is much
lower than the FO content in the current study (i.e., ~2.3%),
although the network-modifier content in the CMAS glass
studied here is lower (~50%). Moreover, a recent study on
CAS and MAS melts (at 1773 K) showed that the MAS melt
has a much higher FO content than the corresponding CAS
melt for the same amount of modifiers (i.e., Mg or Ca) [48].
These results suggest that the presence of Mg in CMAS glass
promotes the formation of FO, which is a contributing factor
to the underestimation of the NBO content in the simulation as
compared to the simple stoichiometric calculation (as shown
in Table III). This preferential association of Mg atoms with
FO sites also explains the higher Ca/Mg ratios around Si and
Al atoms within their first coordination shell as compared to
the average Ca/Mg compositional ratio in the CMAS glass
[Fig. 5(c) and Table II].

Since FO sites are the most reactive oxygen sites, they are
more prone to dissolve in aqueous solutions, which could be
a major reason why CMAS glasses with higher Mg contents
have been shown to exhibit higher reactivity [38,41,97]. Nev-
ertheless, a carefully designed study is warranted to further
confirm the positive correlation between Mg and FO content
for CMAS glasses at room temperature. It is also noted that
CMAS glass reactivity in an alkaline solution is highly com-
plex and other factors, such as NBO content, particle size
distribution, and thermal history of the CMAS glass can also
have a large impact on its reactivity [43].

Finally, the deviation of the Ca/Mg ratios around the differ-
ent oxygen sites from the average ratio indicates a nonrandom
distribution of Ca-Mg around the oxygen sites with a slight
degree of segregation (i.e., separate clustering of Ca and Mg
atoms), which has been suggested for Ca-Mg around NBO
sites in CMAS glasses according to an 'O NMR study [23].
The mild clustering of Mg atoms is indicated in Fig. 8(a),
where a typical CMAS structural representation exhibits for-
mation of small Mg clusters, with Mg-Mg pairs with distance
smaller than 3.5 A highlighted using red dashed circles. This
is further supported by the Mg-Mg partial correlation aver-

aged over the ten final structural representation [Fig. 8(b)],
which exhibits two peaks located at ~2.8 and 3.3 A. These
distances are much smaller than the theoretical distance of
~7.5 A assuming a random distribution of Mg atoms in the
unit cell, which is consistent with clustering of Mg atoms in
the CMAS glass to a certain extent. However, further studies
are required to confirm this Mg clustering in CMAS glasses.
In addition to the above structural analysis, we have also
performed other detailed structural analyses for the DFT-
optimized structural configurations, including bond angle
distributions within polyhedra (O-X-O, Figs. S8a—-S8d) and
between different polyhedra (X-O-X, Figs. S8e-S8j), near-
est neighbor Si/Al-BO/NBO distances, interatomic distances
beyond the first coordination shell, and the proportions of
corner-, edge-, and face-sharing configurations between dif-
ferent polyhedra (X-X, Table S4). These results along with
brief discussions in the context of literature data are given in
the Supplemental Material and further confirm that the final
structures obtained using the MD-DFT method are realistic
representations of the CMAS glass structure studied here.

4. Partial PDFs

The results presented in the previous sections show that
the structural representations generated for the CMAS glass
using the MD melt-quench process followed by DFT geom-
etry optimization not only agree with our x-ray and neutron
scattering data but also are generally consistent with liter-
ature data on aluminosilicate glasses, specifically in terms
of interatomic distances, coordination numbers, and oxygen
environments. With these realistic structural representations,
it is now possible to unambiguously assign the features seen in
the experimental PDF data [Figs. 1(b) and 1(c)], which would
otherwise be an extremely challenging task to perform for
the medium-range ordering (~3-8 A) due to the overlapping
nature of many individual atom-atom partials.

Figure 9 shows the partial x-ray PDFs based on the ten
structural representations that have been subjected to DFT
geometry optimization, as opposed to the partial x-ray PDFs
in Fig. 3 and Fig. S6 of the Supplemental Material which
are calculated based on one typical structural representation.
It is clear that the medium-range ordering between ~4-5 A
is mainly attributed to the second nearest Si-O and Ca-O
correlations in the CMAS glass, whereas the medium-range
ordering between ~5-8 A is mainly due to the third nearest
Ca-O correlation and the second nearest Ca-Ca and Ca-Si
correlations. Previously, the x-ray PDF peak located at ~3 A
for CMAS glasses has been assigned primarily to the near-
est Si-Si/Al correlations based on partial radial distribution
functions [36,52], however, Fig. 9 shows that this peak is
dominated by the nearest Ca-Si/Al correlations with only
minor contributions from the nearest Si/Al-Si/Al correlations.
Another misassignment in Ref. [36] is the shoulder at ~3.3 A
[as seen in the inset figure in Fig. 1(b)], which was assigned
to the nearest Mg-Si/Al correlations. However, Fig. 9 clearly
shows that this shoulder is mainly attributed to the nearest
Ca-Ca/Si correlations, with negligible contribution from Mg-
Si/Al correlations.

In addition to the peak at ~3.1 A, the nearest Ca-Si/Al cor-
relations exhibit a second peak at ~3.6 A. This double peak
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FIG. 9. Simulated partial x-ray PDFs based on the ten structural
representations of the CMAS glass that have been geometry-
optimized using DFT calculations.

feature for the nearest Ca-Si/Al correlations is commonly
observed in CAS glasses [52], and is attributed to the con-
nectivity between Si/Al tetrahedra and Ca polyhedra, where
edge-sharing connectivity leads to the peak at ~2.8-3.1 A
and corner-sharing is responsible for the peak at ~3.3-3.6 A.
This is illustrated in Fig. S10 and Table S4 in the Supplemen-
tal Material, where it is clearly seen that the corner-sharing
Ca-Si/Al distances are ~0.6 A larger than that of the edge-
sharing Ca-Si/Al distances. A discussion of the proportion of
corner-, edge-, and face-sharing X-X (X = Si, Al, Mg, and Ca)
configurations and X-X distances (Fig. S10 and Table S4) in
conjunction with bond angle distributions within polyhedra
(O-X-0, Figs. S8a—S8d) and between different polyhedra (X-
O-X, Figs. S8e-S8j), and calculated partial x-ray PDFs are
also given in the Supplemental Material. The O-O partial PDF
shows that the nearest O-O correlation exhibits two shoulders
at ~3.0 and ~3.4 A, in addition to the main peak at ~2.7 A.
Calculation of the O-O distances in all the Si/Al tetrahedra and
Mg/Ca polyhedra (see Fig. S13 in the Supplemental Material)
reveals that the main peak at ~2.7 A is mainly attributed to
the O-O distances in Si tetrahedra whereas the shoulder at
~3.0 A is dominated by O-O distances from Al tetrahedra and
Ca polyhedra. The shoulder of the O-O partial PDF at ~3.4 A
is primarily attributed to O-O correlations in the Ca polyhedra.

5. Electronic properties

The electronic structure of one DFT-optimized structural
representation has been analyzed, with the electron isosur-
face density plots of selected regions shown in Figs. 10(a)
and 10(b). As shown in these figures, the electron cloud
(denoted by the color yellow) is predominately concentrated

i

.

FIG. 10. (a),(b) 3D view of electron cloud density plots (denoted
by the color yellow) around the different atoms with a threshold
of 0.1eV/A? (a density lower than this value is not shown in the
plots). Panels (c)—(e) show electron charge density contour plots on
the plane passing through the selected atoms (as labeled in the plots).
NBO-Si refers to nonbridging oxygen connected with a Si atom,
whereas Si-BO-Si, Si-BO-Al, and Al-BO-Al refer to the three types
of bridging oxygen.

around oxygen atoms while it is not visible around Si, Al,
and Mg atoms at the selected threshold (i.e., 0.1 eV/A3). At
this threshold, the electron cloud is clearly visible around the
Ca atoms. We further quantified the electron charges around
the different types of atoms using the commonly adopted
Bader population analysis [98], which uses zero flux surfaces
between different atoms to partition the electron density dis-
tribution for each atom [99]. The results are summarized in
Table S6 of the Supplemental Material, which shows that the
Bader effective charge of Ca atoms is around 6.464 electrons,
much higher than those of Mg, Al, and Si atoms (0.338, 0.577,
and 0.901 electrons, respectively). This effective charge value
of Ca atoms is comparable to what was obtained in a previ-
ous DFT study on calcium aluminates using another analysis
method (Mulliken [100]), i.e., ~6.7-6.9 electrons. The much
higher effective charge around Ca atoms (as compared to the
other network modifier, i.e., Mg atoms) is attributed to the
higher activity of the six 3p electrons in the lower shell of
Ca atoms (due to their relatively larger distances from the
nucleus). This higher density of electrons near Ca (as com-
pared to Mg) suggests that Ca sites have higher reactivity than
Mg sites, which is consistent with literature data on Mg, SiO4
and Ca,SiO4 mineral dissolution, where the dissolution rate
of calcium is several orders higher than magnesium [101].

As highlighted with the red dashed circles in Figs. 10(a)
and 10(b), the shape of the electron cloud around the oxygen
atom differs depending on the type of atoms bonded to the
oxygen. Comparing the different X-O-X pairs reveals that the
electron clouds are attracted toward the bonded atoms with
a higher electronegativity value, with the following order: O
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FIG. 11. Total electronic density of states (DOS) in states/eV for
the DFT-optimized CMAS structure, along with the projected DOS
contributions from each type of atom in the structure. All the energies
are relative to the Fermi level set at the energy of 0 eV as shown by
the dashed line.

> Si > Al > Mg > Ca (the corresponding electronegativity
values are ~3.44, ~1.90, ~1.61, ~1.31, and ~1.00, respec-
tively, according to the Pauling scale [102]). Figures 10(c)—
10(e) show the charge density contour plots for three selected
atoms each calculated on the plane passing through these
atoms (labeled in each figure). In each calculation, the same
contour interval (0.1eV/ A?) is used, with a darker and denser
grid implying a higher electron density and stronger bonding,
respectively. Hence, the slightly denser grid between Ca and
NBO-Si (a similar contour plot for Ca and NBO-Al is shown
in Fig. S14) than that between Ca and Si-BO-Si suggests that
the Ca atom forms stronger bonds with NBO than Si-BO-Si.
Comparing Figs. 10(d) and 10(e) suggests that the Ca atom
forms stronger bonds with Al-BO-Al than Si-BO-Si. These
results provide an indication of the relative strength of the
different types of Ca-O bonds.

The total electronic density of states (DOS) of the DFT-
optimized CMAS glass structure along with the projected
contribution from each type of atom are shown in Fig. 11.
The calculated band gap (difference between the bottom of
the conduction band and the top of the valence band) for this
structure is about 3.2 eV, which is close to those obtained for a
sodium silicate (~3.2 eV) and a sodium calcium silicate glass
(~3.4 eV) using DFT calculations [56]. Although it is known
that DFT calculations performed using PBE functionals of-
ten underestimate the band gap, it is reliable and useful in
comparing relative trends of calculated electronic properties
[56]. Examining the DOS contribution from each type of atom
reveals that the conduction band is dominated by Ca atoms
with noticeable contribution from O atoms, while the valence
band is dominated by O atoms with sizeable contribution from
Ca atoms. This observation is consistent with Ref. [56]. The
total DOS peak at ~-20 eV is mainly attributed to Ca states
while the peaks between ~—15 and —18 eV are mainly due to
O states. Since the top of the valence band and the bottom
of the conduction band contains information on reactivity
[103,104] the DOS data in Fig. 11 suggest that the reactivity
of the CMAS glass is largely controlled by Ca and O atoms.
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FIG. 12. Partial electronic density of states (DOS) in states/eV
per atom for (a) each type of atom, and (b)—(d) different types of
oxygen species. Panel (c) shows the two types of NBO bonded with
either a Si or an Al atom, and (d) shows the three types of BO species.

Since electrons closer to the Fermi level have high potential
to get involved in chemical reactions, the top of the valence
band has a large impact on the reactivity of the system. Several
previous DFT studies on tricalcium silicate and dicalcium sili-
cate minerals [103,105] have shown that the top of the valence
band is particularly informative on reactivity, and therefore we
next focus on the comparison of the average DOS between
different types of atoms near the Fermi level (e.g., between
~-2 and 0 eV), as shown in Fig. 12(a). For this region, we
clearly see that the DOS of Ca, Mg, Si, and Al atoms increases
in the order of Si < Al < Mg < Ca, indicating an increase of
reactivity in this order. This result is consistent with the known
fact that the Si-O bond is harder to break than the Al-O bond,
which is then stronger than Mg-O and Ca-O bonds [106]. In
particular, the DOS of the Ca atom is substantially higher than
the Mg atom in this region, indicating a higher reactivity for
the Ca atom (as compared to Mg atom), which is consistent
with the electron density results in Figs. 10(a), and 10(b) and
literature data on Mg,SiO4 and Ca,SiO4 mineral dissolution
rates [101].

The average DOS of the three types of oxygen species (i.e.,
FO, NBO, and BO) is given in Fig. 12(b), where we clearly
see that the FO has the highest DOS near the Fermi level (e.g.,
between ~-2 and 0 eV), followed by NBO and then BO. The
observation that NBO has a higher DOS than BO close to the
Fermi level is consistent with Ref. [56] on silicate glasses.
This is also consistent with the DFT calculations in Ref. [105],
where the DOS of the top of the valence band is located more
around the FO sites in tricalcium silicate mineral (as opposed
to NBO). This result suggests that the reactivity of oxygen
species increases in the order of BO < NBO < FO, which is
consistent with experimental data in the literature on silicate
minerals dissolution [101], where a higher extent of depoly-
merization (increasing NBO) is often associated with higher
dissolution rates. The DOS of the two types of NBO species
and three types of BO species are compared in Figs. 12(c)
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and 12(d), respectively. Comparing the intensity of the DOS
near the Fermi level suggests that NBO bonded with a Si atom
has lower reactivity than that bonded with an Al atom and the
reactivity of BO increases as the number of Al bonded with
it increases. These results are also consistent with the fact
that Al-O bond strength is lower than that of Si-O bond in
aluminosilicates (hence easier to break) [106].

D. Broader implications and impact

CMAS glass reactivity is an important area of study, espe-
cially for sustainable cements, yet the exact impact of Ca, Mg,
and Al content on the structure and properties of these CMAS
glasses remains somewhat elusive. For example, several stud-
ies have shown that increasing Mg content generally leads
to a higher reactivity for the CMAS glasses in an alkaline
environment [97] and a higher strength for the final product
[107]. However, in silicate mineral dissolution studies [101],
it is generally shown that the dissolution of Ca is much faster
than Mg. As discussed above, our electronic structure calcula-
tion results [Figs. 10(a), 10(b), and 12(a)] are consistent with
the latter, where our results suggest that Ca exhibits higher
reactivity than Mg. On the other hand, the structural analysis
results in Fig. 7 show that the Mg atom exhibits a higher
affinity with FO sites (as compared to Ca), which are the
most reactive oxygen sites in the CMAS glass as evidenced
by the DOS results in Fig. 12(b). It is likely that increasing
Mg content (at fixed Si and Al content) would increase the
formation of FO sites in CMAS glasses (as is shown to be the
case in a recent force-field based MD simulation on CMAS
glasses [48]) and hence lead to increase of reactivity. Due to
the formation of FO sites in the CMAS glasses (not often
formed in common silicate minerals), it is likely that both
mechanisms are contributing to CMAS glass reactivity. How-
ever, it is noted that the reactivity of CMAS glasses is often
highly complex in alkaline solutions, especially considering
additional factors such as solution chemistry, particle size
distribution, interaction between different network formers
and modifiers, as well as the presence of minor oxides and
crystalline impurities in the case of blast-furnace slags.

This study can be readily extended to cover a wider
range of CMAS glass compositions to establish the im-
portant composition-structure-properties relationship for this
important class of amorphous materials with broad scien-
tific and industrial interest. Furthermore, with the generation
of realistic structural representations, it becomes possible to
unambiguously assign the medium-range ordering generally
seen in the experimental PDF data of CMAS glasses and
related amorphous materials. This information will be partic-
ularly useful when combined in the future with in sitru PDF
analysis to study amorphous-amorphous transformations,
such as CMAS glass dissolution in aqueous environments,
where changes to individual PDF peaks during the dissolution
process can be directly related to the disappearance of certain
structural features in the CMAS glass. The combination of
glass structure modeling with in situ PDF analysis will be
extremely helpful for studying the kinetics and mechanisms
of glass dissolution, which is crucial for a range of industrially
important processes, including bioglass dissolution, low-CO,

cements formation and degradation, glass corrosion, and nu-
clear waste encapsulation [43,108—110].

IV. CONCLUSIONS

In this study, we combined force-field molecular dynam-
ics (MD) simulations with density functional theory (DFT)
calculations to generate ten structural representations for a
quaternary CaO-MgO-Al,03-SiO, (CMAS) glass. Quantita-
tive analysis of these ten structural representations showed
that the CMAS glass structures generated using the method
outlined in this study not only agree with our x-ray and neu-
tron total scattering data but also are generally consistent with
literature data on aluminosilicates with respect to interatomic
distances, coordination numbers, oxygen environments, and
angular distributions. Specifically, for the nearest-neighbor
bonding environment with oxygen atoms Al is mainly in IV
coordination with a small proportion of V-fold, whereas Ca
and Mg atoms exhibit a much wider distribution of coordina-
tion states, with an average of ~6.73 and ~5.15, respectively.
Analysis of the next nearest neighbors revealed that there is
slight preference for Ca atoms (over Mg) to associate with
both network formers (i.e., Si and Al atoms). Examination of
the oxygen environment revealed several key features that are
consistent with the literature, including violation of the Al-O-
Al avoidance principle, preferential association of NBO with
Si atoms (as opposed to Al atoms), and Si-Al intermixing.
Calculation of the modifier environment around the different
oxygen species showed a slight preference for Ca atoms to act
as charge compensators and Mg atoms as network modifiers.

The results also revealed a preferential association of Mg
with FO sites and a tendency for Mg to from small clusters
in the CMAS glass. Given that FO sites are the most reactive
oxygen sites [as evidenced by the electronic structure calcu-
lations, specifically a high density of states (DOS) near the
Fermi level], this may help explain the higher reactivity of
CMAS glass with higher Mg content when exposed to alkaline
aqueous environments that has been observed in the literature.
In contrast, the electronic structure calculations also suggest
that the Ca atom exhibits higher reactivity than the Mg atom.
This suggests that the impact of composition on the CMAS
glass reactivity is highly complex. Hence, further studies on a
wider compositional range of CMAS glasses are warranted to
establish the important composition-structure and structure-
properties relationships for these quaternary glass systems.

Finally, this investigation has enabled atom-atom correla-
tions responsible for the medium-range ordering (~3-8 A)
seen in the experimental PDF data of CMAS glass to be ex-
plicitly assigned. Correct assignment of these correlations in
this region will not only enable better interpretation of existing
PDF data but will also lead to advances in our understand-
ing of dissolution mechanisms of CMAS glass (and related
amorphous materials systems) in aqueous environments via
experimental methods such as in situ PDF analysis.
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