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Abstract

In this investigation, force field-based molecular dynamics (MD) simulations have been employed
to generate detailed structural representations for a range of amorphous quaternary CaO-MgO-
ALO3-S10; (CMAS) and ternary CaO-Al03-Si02 (CAS) glasses. Comparison of the simulation
results with select experimental X-ray and neutron total scattering and literature data reveals that
the MD-generated structures have captured the key structural features of these CMAS and CAS
glasses. Based on the MD-generated structural representations, we have developed two structural
descriptors, specifically (i) average metal oxide dissociation energy (AMODE) and (ii) average
self-diffusion coefficient (ASDC) of all the atoms at melting. Both structural descriptors are seen
to more accurately predict the relative glass reactivity than the commonly used degree of
depolymerization parameter, especially for the eight synthetic CAS glasses that span a wide
compositional range. Hence these descriptors hold great promise for predicting CMAS and CAS

glass reactivity in alkaline environments from compositional information.

1 Introduction

Amorphous aluminosilicates are of significant interest to many technologically important fields
and applications, including geology, glass science, metallurgical process, nuclear waste
encapsulation and sustainable cement production. In particular, various amorphous
aluminosilicates have been used as precursor sources to synthesize the so-called alkali-activated

materials (AAMs), an important class of low-CO> cement-based binder [1, 2]. Alternatively,
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amorphous aluminosilicates are commonly used as supplementary cementitious materials (SCMs)
in blended cement to partially replace Portland cement [3, 4] and hence lower the carbon footprint
of the cement industry (currently responsible for 8-9% of global anthropogenic CO; emissions)
[5]. Most of the commonly used amorphous aluminosilicates for the above two applications are
industrial by-products (e.g., ground granulated blast-furnace slag (GGBS) and coal-derived fly
ash), although other sources of amorphous aluminosilicates are being actively explored, especially

calcined clays, which are attractive due to the extremely large clay reserves [6].

The chemical composition, minerology and particle size of these precursor materials and SCMs
can vary considerably depending on their type, source location and processing parameters. Even
for GGBSs, which have relatively small chemical variability compared to fly ash, their main oxide
components do vary, consisting of CaO (30— 50 wt.%), SiO2 (28-38 wt.%), Al203 (8-24 wt.%)
and MgO (1-18 wt.%) along with the presence of other trace elements (e.g., S, Ti, Na, K, Mn and
Fe) as well as crystalline impurities (e.g., merwinite, gehlenite, &kermanite, calcite and quartz) [4,
7-11]. These inherent variabilities can have a dramatic impact on precursor/SCM reactivity in both
AAM and blended Portland cement systems, as well as the resulting pore structure and engineering
properties of the final cementitious product [1, 3, 7, 8, 11-13]. The impact of Ca content is
particularly profound. First, Ca is a known network modifier and tends to increase the framework
disorder and the degree of depolymerization (and hence the reactivity) of the glassy aluminosilicate
precursor [ 14]. Recent investigations on synthetic glasses have shown that Ca-rich aluminosilicate
glass exhibits a significantly higher reactivity than Si-rich counterparts [15-18]. This is a major
reason why Ca-rich GGBS can achieve a higher replacement ratio in blended Portland cements [4]

and be activated using (i) a much lower alkali content in sodium hydroxide or sodium silicate
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activators or (i1) weak activators (e.g., Na2CO3 and Na>SO4) for AAM applications, as compared

with low-Ca precursors (e.g., class F fly ash and metakaolin) [1].

Calcium is also important when it comes to the atomic structure, transport properties and long-
term durability of the precipitated binder gel in AAMs [1, 19]. At low Ca content (i.e., class F fly
ash and metakaolin), the alkali activation reaction results in a three-dimensional alkali-alumino-
silicate-hydrate gel (N-A-S-H gel if sodium is the alkali) with predominately Q7 silicate units (Q"
denotes n bridging oxygens) [1, 2]. In contrast, for AAMs based on a Ca-rich precursor (e.g.,
GGBS and class C fly ash), the resulting binder gel is an alkali-containing calcium-alumino-
silicate-hydrate gel (C-(N)-A-S-H gel if sodium is the alkali) dominated by a depolymerized chain-
like silicate structure [2, 20-23], similar to the calcium-silicate-hydrate (C-S-H) and calcium-
alumino-silicate-hydrate (C-A-S-H) gel in Portland cement and blended Portland cement systems
containing aluminum. This difference in the binder gel is linked with noticeable differences in pore

structures [24-27], transport properties [25, 26, 28, 29] and chemical stability [26, 28].

The impact of alumina content on the reactivity of amorphous aluminosilicates and the engineering
properties of the resulting AAM and blended Portland cements has also been investigated [11, 15].
In a 2014 review article, Provis and Bernal suggested that high Al content is beneficial to the
strength development of fly ash-based AAMs, similar to the impact of the network modifier (e.g.,
alkali and alkali earth metal) content [2]. A recent investigation on synthetic calcium
aluminosilicate (CAS) glasses showed that an increasing Al content (at fixed Ca content) leads to
a higher extent of reaction in a blended mixture of portlandite, limestone and sodium hydroxide

[15]. In contrast, an earlier investigation on the reaction kinetics of NaOH- and Na,SiOs-activated
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GGBSs showed that GGBS with a higher Al,O3 content leads to slower reaction kinetics and lower

compressive strength during the early stages of reaction [11].

Magnesium has also been investigated, specifically regarding its impact on the reactivity of
amorphous aluminosilicates. Ben Haha ef al. examined three GGBS sources with different MgO
content (8-13 wt. %) and found that a higher MgO content accelerates the early stage of reaction
for alkali-activated GGBS (more apparent when NaySiO; activator was used) and increases
compressive strength [12]. This is consistent with another investigation on Na>COs-activated
GGBS [8], where GGBS with a higher MgO content was seen to exhibit much faster reaction
kinetics as evaluated using isothermal conduction calorimetry (ICC). The beneficial impact of
MgO on compressive strength observed by Ben Haha e al. was also in agreement with an earlier
investigation by Douglas et al. [30], which showed that the 28-day compressive strength of
silicate-activated GGBS triples when the MgO content of GGBS increases from 9 to 18 wt. %. In
contrast, another investigation on Na,SiOs-activated GGBS showed that GGBS with a lower MgO
content reacts faster during the early stages of reaction [9]. As suggested in ref. [9], this
inconsistency associated with the impact of MgO content on the reaction kinetics is related to the
differences in the Al,O3; content of the GGBSs. Dissolution experiments on synthetic quaternary
CaO-MgO-Al03-Si02 (CMAS) glasses showed that increasing the Mg/Ca ratio whilst
maintaining a relatively fixed Si and Al content leads to a higher dissolution rate in aqueous
solutions with pH of up to ~12 (especially in acid conditions) [16]. Another recent study on the
pozzolanic reactivity of CMAS glasses [31] showed that replacing Ca with Mg in the glass (i.e.,
increasing Mg/Ca ratio) leads to a slightly higher extent of reaction for the glass in a lime solution
(estimated from the 2’ Al MAS NMR spectra). This observation of a higher reactivity with a higher

Mg/Ca ratio for CMAS glass is inconsistent with silicate mineral dissolution experiments where it
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is generally shown that the dissolution rate of dimagnesium silicate is several orders of magnitude
lower than that of dicalcium silicate (the extreme case of replacing Ca with Mg) [32, 33]. The
difference in the impact of increasing Mg/Ca ratio (or replacing Ca with Mg) on the reactivity of
(1) CMAS glasses and (ii) silicate minerals could be associated with the formation of highly
reactive free oxygen (FO) sites (defined as oxygen not bonded to any network formers, i.e., Si or
Al atoms, in its nearest coordination shell) in CMAS glasses. It has been suggested that Mg atoms
in the CMAS glasses promote the formation of highly reactive FO sites [34, 35], and hence it is
possible that increasing Mg/Ca ratio leads to a higher FO content and, as a result, a higher reactivity
for the CMAS glass. However, these highly reactive FO sites are not present in both dimagnesium

and dicalcium silicate minerals.

Despite it being clear that the composition of an amorphous calcium/magnesium aluminosilicate
has a significant impact on (i) its reactivity as an SCM in blended Portland cements or a precursor
material for AAMs, and (i1) the final properties of the cementitious product, there have only been
a limited number of investigations on the composition-structure-properties relationship for these
amorphous aluminosilicates. Many investigations (including refs. [8, 9, 11, 12] discussed above)
focus on describing the composition-properties relationship using individual oxide components or
empirical reactivity index (e.g., (CaO+MgO)/Si0; from European Standard for slag cement) [36,
37]. Several recent investigations [15, 17, 38] have used the degree of depolymerization (i.e., the
number of non-bridging oxygen (NBO) per network former T (NBO/T), where T = Si and Al atoms
in [V-fold coordination) of the glassy phase as a structural descriptor, which is commonly used in
the glass community and can be estimated from the chemical composition based on classical glass
theory [39]. NBO is defined as an oxygen atom bonded to only one network former T. These

investigations [15, 17] have generally showed a positive correlation between the degree of
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depolymerization (or NBO/T) of the glass and its reactivity in an alkaline environment. However,
several investigations have suggested that NBO/T is not always a reliable indicator of glass
reactivity [15, 40]. For instance, in ref. [15], a decrease of reactivity with increasing NBO/T has
been observed for several synthetic CAS glass compositions relevant to fly ash. NBO/T has also
been used to describe mineral dissolution, where a generally positive trend (between NBO/T and
dissolution rate) has been observed [32]. However, it has also been shown for alkali earth metal
silicate minerals that the dissolution rate can vary several orders of magnitude for minerals with

the same level of NBO/T [32, 33].

The inability for individual oxide components (e.g., Al O3 and MgO) or the commonly used
NBO/T parameter to accurately predict GGBS or C(M)AS glass reactivity in AAMs and blended
cements shows that there is a need to develop more reliable structural descriptors to connect the
composition of these amorphous aluminosilicates to their reactivity and associated final properties
of the cement-based materials. Although it is challenging to obtain structural information on
amorphous aluminosilicates, several experimental techniques have been shown to be extremely
valuable, including nuclear magnetic resonance (NMR) [15, 41, 42], and X-ray and neutron total
scattering [7, 34, 43-45]. On the other hand, atomistic modeling techniques, including force field-
based molecular dynamics (MD) simulations [35, 44, 46, 47] and quantum mechanics-based
density functional theory (DFT) calculations [48, 49], have been successfully used to generate
detailed and realistic structural representations for aluminosilicate glasses, including when
combined with X-ray and neutron scattering experiments [34]. Furthermore, MD simulations have
been recently employed in the glass community to derive structural information that connects glass
composition and molecular features to glass properties, including Young’s modulus, density,

viscosity, glass transition temperature, and leaching and chemical durability [50, 51]. However,
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similar MD investigations linking composition-structure-properties for quaternary CMAS and

ternary CAS glasses that are representative of SCMs and AAM precursors are rare.

In this investigation, force field MD simulations have been employed to generate detailed
structural representations for 18 CMAS and CAS glasses with a wide range of compositions related
to GGBSs/glasses that were previously studied in four high-quality experimental investigations [8,
11, 12, 15]. Detailed analysis of MD-derived structures has been carried out to determine their
structural attributes (including the nearest interatomic distances, coordination numbers (CNs) and
the degree of depolymerization), which were subsequently compared with (i) our X-ray and
neutron total scattering data collected on select GGBS compositions, (ii) literature data, and/or (iii)
theoretical estimation, to ensure that the structural representations generated were reasonable.
Based on the MD simulation results, two structural descriptors have been derived, i.e., (i) the
average metal oxide dissociation energy (AMODE) and (ii) average self-diffusion coefficient
(ASDC) of all the atoms at melting, and their performance in predicting the reactivity data from
the experimental investigation has been evaluated, in comparison with the commonly used NBO/T
parameter (i.e., the degree of depolymerization) also derived from MD simulations. This
investigation serves as a crucial step forward in establishing the important composition-structure-
reactivity relationship for amorphous aluminosilicates in alkaline environments relevant to

blended Portland cements and AAMs.
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2 Methodology

2.1 Glass compositions

We selected ten GGBSs composed of predominantly CMAS glassy phases and eight synthetic
CAS glasses with a range of chemical compositions from four separate high-quality investigations
[8, 11, 12, 15], where each investigation experimentally investigated the impact of glass
composition on the reactivity in alkaline conditions. The chemical compositions and physical
properties of the CMAS and CAS glasses from these investigations are summarized in Table 1.
All the GGBSs (Group A-C in Table 1) are predominately amorphous (as evidenced by the X-ray
diffraction (XRD) data in each investigation) with ~94-96 wt. % of CMAS glass and 3-5 wt. % of
other minor oxide phases (e.g., SO3, K20, Na,O, TiO; and Mn03) [8, 11, 12]. All the GGBSs
contain ~34-43 wt. % CaO, ~31-42 wt. % SiO2, ~7-17 wt.% Al,O3 and ~1-14% wt.% MgO.
Although the compositional variation is relatively small, especially for the two major oxide
components (CaO and SiO), significant differences in reactivity have been observed in the
experimental investigations, especially in ref. [8], where the impact of MgO content was studied
(Group A in Table 1). The two other investigations focused on the impact of MgO (Group B in
Table 1) [12] and Al,O3 content (Group C in Table 1) [11] in the GGBSs on their reactivity during
alkaline activation, however, the quantities of the different oxide components in each group (A-C)
appear to be interconnected as illustrated in Figure 1. It is clear from Figure 1 that CaO, MgO and
AL Oj3 content are strongly correlated with the SiO» content, especially for the GGBSs in Group B
and C (R’ values close to 1.00 for linear fits). Similarly, strong correlations are observed between
the CaO content and MgO and Al>Os content for these GGBSs, with ~1-4 wt. % Fe>Os the results
shown in Figure S1 of the Supplementary Material. In fact, in our previous investigation on seven

GGBSs from different origins, we also observed that the main compositions of these GGBSs are
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interconnected [7]. Therefore, the different levels of reactivity in each group of GGBSs, as

observed in refs. [8, 11, 12], should not be simply attributed to their compositional difference in

one oxide component (e.g., MgO or Al>O3). For a more accurate description of composition-

reactivity relationship for these GGBSs, it is necessary to first obtain detailed atomic structural

information, as has been carried out in this study.

Table 1. The chemical composition of the main oxides (in weight percentage), particle surface area

and density of the different GGBSs and synthetic glasses from refs. [8, 11, 12, 15]. Note that the

uncertainty associated with surface area data was only reported for the GGBSs in Group A.

Surface area

ID # CaO MgO SiO2 AlOs Notes and sources
(cm?/g)
Al 1Mg 429 1.2 31,6 146  4012+49 Investigated the impact of GGBS Mg
A2 5SMg 423 5.2 323 133 4435+ 109 content on its reactivity during
A3 TMg 413 6.5 36.0 11.3 5056 +22 NayCOs activation [8]
A4 14Mg 339 143 374 9.0 4794 + 44
Bl 8Mg 358 7.7 382 12.0 4990 Investigated the impact of GGBS Mg
B2 11Mg 34.6 10.5 37.1 11.5 5070 content on its reactivity during
B3 13Mg 334 132 364 113 5010 NaOH and Na»SiOs3 activation [12]
Cl1 _7Al 391 7.2 416 7.0 5021
C2 14A1 36.0 6.6 382 14.1 4963
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206

207

208

209

210

Investigated the impact of GGBS Al

C3 17A1 350 6.4 37.2 167 4985 content on its reactivity during NaOH
and Na»SiOs activation [11]

DI 47 0.0 78.5 16.8 4720 Investigated the impact of CAS

D2 4.7 0.0 69.1 263 4810 synthetic glass composition on its

D3 43 0.0 60.6 35.1 4800 reactivity in a mixture of Ca(OH).,

D4 139 0.0 594 267 4550 NaOH, and limestone [15]
D5 214 0.0 620 16.6 4630
D6 241 0.0  49.8 26.1 4680
D7 240 0.0 39.7 363 4220
DS 499 0.0 348 153 3960
50 25
(a) o CaO (b) o CaO | (c) o CaO |

- o MgO i o Mgo | | 0 MgO | 5o
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02 _ R?2=098 p2_099 R2=1.00 _' ?n

30 1.6 FEGT - NN B

30 35 40 30 35 40 45 30 35 40 45
SiO, wt. % SiO, wt. % SiO, wt. %
Figure 1. Comparison of SiO; content and CaO, MgO and AlOsz content for the GGBS

compositions in (a) Group A, (b) Group B and (c) Group C (see Table 1 for the compositions). R’

values for linear fits are given in the figure.
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The eight CAS compositions in Group D are for synthetic glasses selected from another
investigation [15] that span a wider compositional range (~4-50 wt. % CaO, ~35-79 wt. % SiO»
and ~15-36 wt. % Al20Os) than the CMAS glasses in Group A-C. Simple analysis shows that the
correlation between CaO content and SiO» and Al,Os content in this group (R’ values of 0.78 and
0.13, respectively; see Figure S2 in Supplementary Material for details) is much weaker than those
in Group A-C. In the original investigation, these CAS glass compositions were designed to
uncover the impact of Al2O3 at two CaO levels, i.e., D1-3 and D5-7 glasses with targeted CaO
content of 5.0 and 25.0 wt. %, respectively (the values in Table 1 are the experimentally obtained
composition data). The former three compositions (i.e., D1-3) are relevant to Si-rich fly ash (e.g.,
class F), while the latter three (i.e., D5-7) are relevant to Ca-rich fly ash (e.g., class C). The D8
glass was designed to represent a GGBS composition without MgO. D2, D4 and D6 compositions
were designed to investigate the impact of Ca/Si ratio at fixed Al,O3 content (i.e., ~26 wt. %). The

XRD patterns in ref. [15] show that these synthetic CAS glasses are predominantly amorphous.

Table 1 also includes specific surface area data for all the glasses, which exhibit ~2-20% difference
within each group, although efforts have been made in each experimental investigation to ensure
similar particle size distributions [8, 11, 12, 15]. This difference in the specific surface area needs
to be considered when evaluating glass reactivity; for example, a recent investigation has shown
that the reactivity of GGBS glasses in alkaline environments (based on ICC measurements)

increases almost linearly with specific surface area (R’ values of 0.97-1.00 for linear fits) [37].
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Hence, the reactivity data extracted from refs. [8, 11, 12, 15] have been normalized by the particle

surface area of each glass prior to evaluation of the relative glass reactivity within each group.

2.2 Computational details

Force field MD simulations have been used in this investigation to generate amorphous structural
representations for all the CMAS and CAS glass compositions shown in Table 1. The force field
parameters developed by Guillot for crystals and melts of the CaO-MgO-Al>03-Si02 system were

used for all the simulations [52]. The Guillot force field is expressed using Equation 1:

Tij
_ ZiZj Toy _ S
Uij(rij) = T + Bije tJ rijﬁ (l)

where z; is the effective charge associated with atom i, r;; is the distance between atom pair i-j,
and B;j, p;; and C;; are the energy parameters obtained by refinement against experimental data
that were collected on 11 natural silicate melts covering a large compositional range [52]. The
three terms in Equation 1 represent the Coulomb, repulsion, and van der Waals interactions,
respectively, and the last two terms constitute the commonly used pairwise Buckingham potential.
The force field parameters adopted are given in Table SI in the Supplementary Material. The
simulations were performed using the ATK-Forcefield module in the QuantumATK NanoLab
software package [53, 54] following the commonly used melt-and-quench approach, similar to the

MD simulation section in our previous work on a CMAS glass [34].
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Several previous studies [55, 56] on the impact of system size on the structure and properties of
silicate-based glasses have shown that most structural properties of these glasses have converged
by ~2000 atoms. Given that this investigation is focused on structural properties (as opposed to
other material properties, e.g., elastic modulus, which have been shown to converge only at larger
system sizes [56]), we have used a simulation cell consisting of ~2000 atoms for all the glasses.
To assess whether this relatively small system size leads to large statistical fluctuations of the
structural properties associated with smaller models, we have repeated the simulations over several
independent runs for each glass composition in Table 1, as suggested by Tilocca [55]. Furthermore,
we have verified our results using a larger system size (~16,000 atoms) for one glass composition
(A2 5Mg) where the properties of interest (i.e., nearest interatomic distances, CNs and self-
diffusion coefficients at 2000 K) are found to be similar to those obtained based on ~2000 atoms

(see Figure S3 and Table S2 of the Supplementary Material).

Specifically, we started with initial structures in cubic cells with the same CMAS or CAS
composition as the experimental data in Table 1 (elemental compositions are shown in Table 2).
These initial structures were created using the Amorphous Prebuilder provided by the
QuantumATK NanoLab software [53, 54], where the atoms are randomly placed at the vertices of
the grid that subdivides the unit cell such that they are not overlapping with each other (see Figure
S4 in the Supplementary Material for an example). For each structure, the density of the unit cell
was initially set at a value estimated for CMAS glass at a temperature of 5000 K. The value was
estimated using a similar method adopted in our previous investigation [34], and detailed
calculations are given in Section 5 of the Supplementary Material. The structure was firstly
equilibrated at 5000 K for 1 ns to ensure the loss of the memory of the initial configuration. It was

then quenched from 5000 to 2000 K over 3 ns followed by equilibration at 2000 K for 1 ns, before
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being further quenched from 2000 to 300 K over 3 ns and equilibrated at 300 K for 1 ns. The MD
quenching rates of 1.0 and 0.57 K/ps were adopted here because the structural properties of the
silicate glasses (such as the radial distribution functions (RDFs), bond angles and CNs) have been

shown to approach convergence in MD simulations when the quenching rates are slower than 1

K/ps [47, 56].

The canonical NV'T ensemble with the Nosé Hoover thermostat and a time step of 1 fs were used
for all the MD simulation steps mentioned above, while the density of the unit cell (i.e., volume)
was adjusted to numerically estimated or experimental values (as shown in Table 2) at the start of
each equilibration step. The NV'T ensemble was selected (as opposed to the NPT ensemble) due to
several reasons. First, experimental density values at room temperature are available for some of
the glass samples investigated here [8, 11, 12, 15] (see Table 2), and therefore the NV'T ensemble
allows these glasses to be equilibrated to the experimental densities at 300 K. Second, we observed
that the Guillot force field with the NPT ensemble (using the Martyna Tobias Klein thermostat
[57]) tends to overestimate the density of CMAS glasses by ~ 5% (for example, a density of 3.04
cm?/g was obtained for the A2 5Mg glass composition; see Figure S5 of the Supplementary
Material for more details). Since the same modeling approach has been adopted for all the
simulations, the selection of NPT or NVT should not change the general trends or findings in this
study, as previously suggested by Deng and Du for sodium borosilicate glasses [56]. For the
GGBSs that do not have room temperature density values and the higher temperature densities that
are not available for all the glasses, we used a numerical method for the estimation, as described
in Section 5 of the Supplementary Material. In summary, the estimated densities of the final

structures at 300 K for the CMAS glasses (~2.81-2.88 g/cm?; shown in Table 2) are within ~3%
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of the experimental values of GGBSs with similar CaO-MgO-Al,03-SiO> compositions (~2.87-

2.94 g/em®) [11, 12].

Two configurations during the last 500 ps of the MD equilibration step at 300 K (separated by 500
ps) were extracted, and the whole process was repeated three times to generate six structural
representations for each of the eighteen CMAS and CAS compositions given in Table 2. These
structural representations were further analyzed to obtain the proportion of different oxygen
species (including NBO and FO). For three GGBSs in Group A with available experimental PDF
data (experimental details outlined in the next section), the corresponding structural
representations were used to generate simulated PDFs for comparison with the experimental data.
Note that all the GGBSs also contain trace amounts of minor oxides (< 3-5 wt. %), which were not
included in the simulation due to their relatively small quantities, as explained in more detail in

our previous investigation [34].

Table 2. The number of atoms in each simulation box (corresponding to the oxide composition of
each GGBS or synthetic glass shown in Table 1) along with the numerically estimated or
experimentally determined cell density (labeled with *) used at each equilibration temperature
during the MD simulations. The numerical calculation method for the density values at different
temperatures is given in Section 5 of the Supplementary Material. The theoretical degree of
depolymerization (i.e., NBO/T) has been calculated based on simple stoichiometric considerations

[39], as explained in detail in Section 7 of the Supplementary Material.
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Number of atoms in the simulation Density (g/cm?) at given ~ Theoretical

Glass ID
box temperature (K) NBO/T
' Ca Mg Si Al O Total 300 2000 5000
Al 1Mg 394 15 271 148 1173 2001 2.86 2.69 2.39 2.20
A2 SMg 375 65 267 130 1169 2006 2.87 2.70 2.40 1.89
A3 7Mg 355 78 290 106 1172 2001 2.86 2.69 2.39 1.92
A4 14Mg 286 169 294 82 1166 1997 2.85 2.68 2.38 1.60
Bl 8Mg 307 93 306 114 1183 2003 2.82 2.65 2.35 1.63
B2 11Mg 296 126 296 108 1176 2002 2.83 2.66 2.36 1.82
B3 13Mg 282 156 287 104 1168 1997 2.84 2.67 237 1.97
Cl 7A1 334 86 332 66 1183 2001 2.81 2.64 2.34 1.94
C2 14A1 305 78 302 132 1185 2002 2.82 2.65 2.35 1.46
C3 17A1 294 75 292 154 1184 1999 2.82 2.65 2.35 1.31
Dl 34 0 532 134 1299 1999 2.49° 231 2.00 -0.10*
D2 34 0 469 210 1287 2000 2,59 235 2.05 -0.2*
D3 31 0 412 280 1275 1998 2.56°  2.39 2.09 -0.32
D4 104 0 414 220 1262 2000 2.61° 243 2.13 -0.02
D5 163 0 442 140 1257 2002 2.72° 244 2.14 0.32
D6 186 0 358 222 1235 2001 2.85° 251 221 0.26
D7 185 0 286 308 1219 1998 2.85°  2.57 2.27 0.10
D8 417 0 272 140 1171 2000 2.93° 270 2.34 1.68

316 " Experimental density values from ref. [15].
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'Peraluminous region with no NBO in theory. The negative values indicate that there are
insufficient Ca cations to charge balance all the Al atoms, assuming all Al atoms are in 1V-fold

coordination. A more negative value indicates a greater Ca cation deficiency.

2.3 Experimental details

X-ray and neutron total scattering data have been collected on several GGBS compositions in
Group A, specifically A1 1Mg, Al 5Mg and Al 14Mg in Table 1. The data for Al 5Mg GGBS
have already been presented in our previous study [34]. The X-ray total scattering data were
collected at room temperature using the 11-ID-B beam line [58] at the Advanced Photon Source,
Argonne National Laboratory, while neutron total scattering data were collected at the Lujan
Neutron Scattering Center, Los Alamos National Laboratory, using the NPDF instrument [59].
The data collection and processing procedures for the total scattering data are similar to those
adopted in our previous investigations [7, 34, 60]. Briefly, the pair distribution function (PDF),
G(r), was calculated 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 [61]. More details on
the calculation of the PDF are given in Section 8 of the Supplementary Material. The X-ray PDF
data were generated following a standard data reduction procedure using PDFgetX3 [62], with a
Omax of 20 A1, X-ray instrument parameters (Qproad = 0.016 A" and Quamp = 0.035 A1) were
obtained by using the calibration material (nickel, Sigma-Aldrich) and the refinement program

PDFgui [63]. The PDFgetN software [64] and a Opmax of 20 A™! were used for the generation of the
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neutron PDF, where a background subtraction to remove incoherent scattering has been carried
out [65]. The neutron instrument parameters (Qproqa = 0.00201 A and Quamp = 0.00623 A1) were
obtained using a silicon calibration material and the refinement program PDFgui [63]. These
instrument parameters were used in PDFgui to compute the simulated PDFs based on the MD-
generated structural representations for comparison with the corresponding experimental X-ray

and neutron PDF data.

3 Results and Discussion

3.1 Comparison of structural representations with experimental data

The feasibility of the atomic structural representations obtained using the simulated melt-quench
method with force field MD simulations (as outlined in Section 2.2) is highly dependent on the
accuracy of the adopted force field. Although the force field used in this study was parameterized
to cover silicate crystals and melts, including the CaO-MgO-Al;03-SiO> system [52], it is
necessary to assess whether the obtained structural representations can reasonably capture the
structural features in the experimental data, given that there are obvious discrepancies between
simulation and experimental synthesis conditions (i.e., quenching rates, as will be briefly discussed

in this section).
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3.1.1 CMAS glasses (Group A-C)

The ten CMAS glasses in Group A-C (shown in Tables 1 and 2) represent the level of chemical
variation of the main glassy phase found in amorphous GGBS, which generally resides in the
highly percalcic region ((CaO+MgO)/Al,03 >1). In this region, there is a high proportion of excess
modifier cations (i.e., Ca and Mg cations) available to create NBO species (defined as an O atom
bonded with only one network former, Si or Al atom, within its first coordination shell) beyond
those required to charge-balance the negative charges associated with 4-fold alumina (i.e.,
[Al(O12)4]™"). Due to the high modifier content in Group A-C, these CMAS glasses have a
relatively high extent of depolymerization (NBO/T of ~ 1.6 to 2.2 shown in Table 2), estimated
from simple stoichiometric considerations [39] (Section 7 of the Supplementary Material for more
details) that include: (i) both Si and Al atoms are network formers in IV-fold coordination, and (ii)
each excess alkaline earth cation creates two NBOs (as each NBO receive one electron from the
network former and hence has a charge of -1 in theory). Figure 2a shows a typical atomic structural
representation for a CMAS glass (i.e., A2 5SMg CMAS composition in Table 1) which is clearly a
highly disordered aluminosilicate network structure. Analysis of this structure gives an NBO/T
value of ~1.76 (stdev = 0.007, based on the six structural representations for this composition),
which is reasonably close to the theoretical estimation from simple stoichiometric considerations
(i.e., 1.89, as shown in Table 2) [39] and that obtained from DFT-optimized structures for the same

CMAS composition in our previous study (i.e., 1.80) [34].

The simulated X-ray and neutron PDFs obtained using the structural representation in Figure 2a
are compared with the corresponding experimental X-ray and neutron PDF data in Figure 2b and

2c, respectively, where the experimental data were collected on an amorphous GGBS with the

20/64



378

379

380

381

382

383

384

385

386

387

388

389

390

391

same CMAS composition. It is clear from this figure that the structure generated using MD
simulations can capture reasonably well (i) the amorphous nature of the CMAS glass (as evidenced
by the absence of noticeable ordering above ~10 A), and (ii) the short-range (< ~3 A) and mid-
range (~3-10 A) ordering. The level of agreement achieved with the X-ray PDF data (as indicated
by the R, value; 0.46) is not as good as that achieved with DFT calculations in our previous study
on the same CMAS glass composition (R, of 0.35). The R,, value (as defined in PDFgui software
[63]; detailed calculation of R, value is given in Section 8 of the Supplementary Material) is a
measure of the weighted sum of the differences between experimental and simulated PDFs relative
to the experimental PDF, with a smaller R,, value implies better agreement. On the other hand, the
MD-generated structure gives slightly better agreement with the neutron PDF data (R, = 0.31)
than the DFT-optimized structure (R,, = 0.35) due to the slight over-estimation of the nearest O-O
interatomic distance from the PBE exchange-correlation functional used in the DFT calculations

[34].

(a) NBO/T = ~1.76

© Oxygen

© Calcium _

© Magnesium =0~ :
Alumina 5./
polyhedra
Silica
tetrahedra

E

21/64



392

393

394

395

396

397

398

399

(b) LA DL L B B BN B B A B B L B

2r —0— Experimental data 7
- Calculated PDF
1 —-—- Difference
F0 >
— -1\
£t X-ray PDF Rw = 0.46
U 2k i
)
ENIERVAPR
\‘/\
_4 P I | 1 | IR R NPT NI R | 1 | I
1 2 3 4 5 6 7 8 9 1011 12 13
r (A)
(c)2'|'|'|'|'|'|'|'|'|"|'|'|'
i —O— Experimental data |
1k Calculated PDF
—-—- Difference
T0 )
g/ -1 Neutron PDF Rw = 0.31
N A A o SPUN e~ AN e~ _ad]
-2 i _W‘\,—"‘Tv_ \—/— e e A .
-

Figure 2. (a) A typical atomic structural representation obtained for a CMAS glass (i.e., A2 5Mg
CMAS in Table 2), and the comparison between the simulated PDFs from an MD-generated
atomic structural representation (shown in (a)) and the experimental (b) X-ray and (c) neutron PDF
data of the corresponding GGBS with the same CMAS composition. NBO/T in (a) is the average
number of non-bridging oxygen (NBO) species per network former T (T = Si and Al) calculated

from the six structural representations of A2 5SMg CMAS. The level of agreement, as gauged by
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the R, values (refer to Section 8 in Supplementary Material for the calculation of R,,), is shown in

(b) and (c).

We used force field MD simulations here (as opposed to more accurate DFT calculations) because
the MD simulations allow for exploration of larger structures at a much lower computational cost
while still capturing the key features of the CMAS glass structure (as evidenced in Figure 2b-c).
We achieved similar levels of agreement with X-ray and neutron PDF data for two other CMAS
glasses (i.e., Al _1Mg and A4 14Mg in Table 1), with the corresponding R, values summarized
in Figure 3. Direct comparison of the simulated and experimental PDF data (X-ray and neutron),
similar to Figure 2b-c, is given in Figure S6 of the Supplementary Material. The R, values for all
the three samples are in the range of 0.44-0.47 and 0.30-0.32 for X-ray and neutron PDF data
(Figure 3), respectively, indicating that the level of agreement between the experimental and
simulated PDFs is similar to those shown in Figure 2b-c. The level of agreement is also comparable
with several previous investigations on the modeling of the atomic structure of amorphous GGBS
(0.35 for X-ray and 0.36 for neutron data) [34], iron-rich slag (0.38 for X-ray and 0.31 for neutron

data) [44], magnesium carbonate (R, = 0.48) [66] and metakaolin (R, = 0.77) [43].

Nevertheless, similar to previous modeling investigations [34, 43, 44, 66], we can still clearly see
differences between the simulated and experimental PDFs (especially below ~5 A) in Figure 2b-c
and Figure S6 of the Supplementary Material. These discrepancies are attributed to a number of

common limitations associated with force field MD simulations: (i) potential inaccuracy of the
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435

empirically derived force field parameters used in the MD simulations, (ii) the relatively small size
of the simulation cell (i.e., ~30 X 30 X 30 A%) as compared with real samples, and (iii) the
significantly faster cooling rates adopted in typical MD simulations (~ 10'? K/s) as compared with
a typical experimental condition (1-100 K/s [47]). Another contributing factor is the presence of
small crystalline impurities and trace elements (e.g., Fe, Ti and S) in the experimental samples that

are not considered in the MD simulations [34].

mX-ray mNeutron

R, value

A4_14Mg A2_S5Mg Al_1Mg
GGBS ID#
Figure 3. Agreement between experimental X-ray and neutron PDFs and simulated PDFs based
on MD-generated structures for three CMAS compositions in Group A (Table 1), evaluated by the
R, values (discussed in Section 8 of the Supplementary Material). The values reported in the figure
are averages based on analysis of six MD-generated structural representations for each CMAS

composition, with the error bars indicating one standard deviation.
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Based on the MD trajectory of the last 500 ps of equilibration at 300K (500 structural snapshots),
we calculated the partial RDFs for the nearest atom-atom pairs (i.e., Si-O, Al-O, Mg-O, and Ca-
0), with the calculation details given in Section 8 of the Supplementary Material. The nearest
interatomic distances for these atom-atom pairs are then determined from these partial RDFs (peak
of each curve), as illustrated in Figure 4, where the typical partial RDFs for the atom-atom pairs
(Si-0O, Al-O, Mg-O and Ca-O) in a Group A glass (i.e., the A3 7Mg composition in Table 2) are
given. The results for the nearest interatomic distances for all the CMAS glasses in Group A-C are
summarized in Table 3, where it is clear that the moderate compositional variations of the CMAS
glasses studied here have negligible impact on these nearest interatomic distances. However, we
do observe obvious differences in the peak intensity of these partial RDF curves for the different
glass compositions, as illustrated in Figure S7 of the Supplementary Material. These interatomic
distances agree reasonably well with the corresponding experimental values for Si-O (~1.63 A),
Al-O (~1.75 A), Mg-O (~2.00 A), Ca-O (~2.35 A) and O-O (~2.67 A) in aluminosilicate glasses
[34, 67, 68], with the differences smaller than ~3%. The largest deviation is seen for the Ca-O
distance, where the MD-generated structures give an overestimation of ~0.07 A. This
overestimation of Ca-O distance is likely due to the Guillot force field [52] used here, where a
similar overestimation has been previously reported in the literature for a comparable force field

(e.g., Matsui [69]) [34].
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Figure 4. Partial radial distribution function (RDF) (left axis) and evolution of coordination
numbers (CNs) (right axis) for (a) Si-O and AI-O pairs and (b) Mg-O and Ca-O pairs of the

A3 7Mg glass composition.

Figure 4 also shows the evolution of coordination number (CN) as a function of distance, which
can be calculated via integration of the partial RDFs (calculation method is given in Section 8 of
the Supplementary Material). It is clear from Figure 4a that Si and Al atoms have well-defined
oxygen coordination shells since evident plateaus have been reached for the CNs above 1.8 and
2.0 A, respectively. In contrast, Figure 4b shows that the CNs of Ca and Mg atoms change
continuously with increasing distances (without obvious plateaus), suggesting that the first
coordination shells of Ca and Mg atoms are less well-defined (compared with Si and Al atoms).
Both observations are consistent with the literature data on CMAS glasses [34], and can be
attributed to the higher field strength (defined as Z/d°, where d is the ionic distance between the
cation and oxygen and Z is the valence of the cation) of Si and Al atoms (~1.57 and ~0.84-0.96,

respectively) compared with Ca and Mg atoms (~0.46-0.53 and ~0.36, respectively) [70, 71]. Table
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3 also summarizes the average CN for the different atom-atom pairs using the cutoff distances of
22A,25A,29A and 3.2 A for Si-O, Al-O, Mg-O and Ca-O correlations, respectively. These
cutoff distances have been determined from the first minima in the partial RDFs (commonly used
method in the glass literature [44, 48, 55, 72]) and were kept the same for analysis of all the data
(including the CAS glasses in the next section) for consistency and ease of comparison. The results
show that the Si atoms in all the CMAS glasses investigated here are in IV-fold coordination,
which is consistent with 2°Si NMR data [41] and atomistic simulations [34, 46] on similar CMAS
glasses. Al atoms are seen to be dominated by IV-fold coordination with a small percent of V-fold
coordination (~0-7%, refer to the CN distributions for Al atoms in Figure S8a in the Supplementary
Material). Based on classical glass theory [39], there should not be any V-fold Al in the CMAS
glasses investigated here due to the large proportion of excess Ca and Mg cations beyond that
required to charge-balance IV-fold alumina sites (i.e., [Al(O1/2)4] ). However, many experimental
and simulation findings [73-77] have challenged this classical view of the glass model by revealing
the formation of a small proportion of high-coordination alumina sites (mainly V-fold) in

peralkaline or peralkaline earth aluminosilicate glasses.

The Ca cations in the CMAS glasses are seen to have an average CN of ~6.7-6.8 (Table 3), and
the CN distributions in Figure S8b of the Supplementary Material reveal the dominance of VI- and
VII-fold coordination for all the CMAS glasses investigated here along with the presence of V-,
VIII- and IX-fold CN, which is consistent with previous investigations on similar aluminosilicate
glasses [34, 41, 46, 67, 78, 79]. The Mg cations have a smaller average CN (~4.9-5.2) than that of
the Ca cations, with the CN distributions dominated by V-fold coordination and the simultaneous
presence of IV- and VI-fold for all the CMAS glasses (Figure S8c of the Supplementary Material),

which is also consistent with literature data on Mg coordination in Mg-containing silicate glasses
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[67, 78] (a brief summary has been given in ref. [34]). Overall, the results in Table 3 suggest that
the MD-generated structural representations are able to capture the local atomic structure of CMAS
glasses. Moreover, the compositional variation studied here has a moderate impact on the CN of
Ca and Mg cations, and to a lesser extent, the Al atom, yet as expected, its impact on the CN of Si

atoms and the nearest interatomic distances is negligible.

Table 3. Nearest atom-atom interatomic distances and the coordination numbers (CNs) in the first
coordination shell of Ca, Mg, Al and Si atoms for the different GGBS compositions in Groups A,
B and C. The nearest atom-atom interatomic distances were obtained from the peak positions of
the partial RDFs (as shown in Figure 4), while the CNs were calculated using cutoff distances of
22A,25A,2.9A and 3.2 A for Si-O, Al-O, Mg-O and Ca-O pairs, respectively. The interatomic
distance and CN values in the table are averages based on three separate partial RDFs (from the
three MD trajectories), with one standard deviation given in the brackets (the values have been

rounded to two decimal places).

ID #

Calculated Nearest interatomic distance (A) Average coordination number

NBO/T' Si-O Al-O  Mg-O Ca-O 0-0 Si Al Mg Ca
Al_IMg  1.52(0.02) ((1):(6)(3)) ((1):(7)(5)) (3383> (éigg) (31(6)(9)) (g:(o)(o)) (g:(o)?) (g:(g)g) (8:(7)3)
A2 Mg 1.77(0.01) ((1):(6)(3)) ((1):(7)(5)) (ﬁigi (éigg) (31(6)(9)) (g:(o)(o)) (g:(o)%) ((5):?(7)) (8:(7)2)
A3 Mg 1.80(0.03) ((1):(6)(3)) ((1):(7)(5)) (ﬁigi (313(3)) (31(6)3) (g:(o)(o)) (g:(o)?) (3155 (8:(7)?)
AL 1900) o0 0o ©000) 000 000 000 (00 ©0) 0o
Bl 8Mg  1.54(0.00) ((1):(6)(3)) ((1):(7)(5)) (ﬁigi (313(3)) (31(6)3) (g:(o)(o)) (g:(o)g) ((5):(0)2) (8:(7);)
B210Mg 167000 o0 on) @0 (001 (000) 000 (OO0 (©09) (006
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B3 14Mg  1.79 (0.02)
Cl1_7Al 1.25 (0.01)
C2 14A1  1.41(0.02)

C3 17A1  1.84(0.00)

1.63 1,75 204 243 269 400 403 519
(0.00)  (0.00) (0.01) (0.00) (0.00) (0.00) (0.01) (0.05)
1.63 1,75 2.03 243 267 400 402 504
(0.00)  (0.00) (0.01) (0.00) (0.00) (0.00) (0.01) (0.06)
1.63 1,75 204 242 269 400 402 504
(0.00)  (0.00) (0.01) (0.00) (0.00) (0.00) (0.03) (0.09)
1.63 1,75 204 242 269 400 403 514
(0.00)  (0.00) (0.01) (0.00) (0.00) (0.00) (0.00) (0.12)

6.83
(0.02)
6.73
(0.01)
6.72
(0.02)
6.77
(0.03)
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! Average NBO/T value based on analysis of six structural representations from the MD

simulations, with one standard deviation given in the bracket.

In contrast to the relatively small variation in the nearest interatomic distances and CNs for the
CMAS glasses (Group A-C), the degree of depolymerization (NBO/T, calculated from the MD-
generated structural representations) varies considerably depending on the composition, as also
shown in Table 3. These calculated NBO/T values are compared with the theoretical NBO/T ratio
estimated from simple stoichiometric arguments [39] in Figure 5, which shows that the calculated
values are close to the theoretical estimations, with R’ values of 0.99-1.00 for linear fits for each
group (i.e., Group A, B and C). It is also seen that our simulations generally give slightly lower
NBO/T values (up to ~10% difference) than the theory [39], which is consistent with our previous
DFT calculations [34] as well as MD simulations in the literature on percalcic aluminosilicate
glasses [79]. The likely reason for these lower NBO/T values is the formation of a small proportion
of FO species not connected to any network formers (i.e., Si and Al) in our structural
representations and the literature MD simulations, which are not accounted for in the classical
glass theory (only considers NBO and bridging oxygen (BO), with the latter defined as oxygen

bonded to two network formers in the first coordination shell) [39]. One possible formation
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reaction for FO species in highly percalcic aluminosilicate glasses, as suggested in ref. [80], is
2NBO <= FO + BO, which indicates that the formation of one FO consumes two NBOs. When
taking into account the consumption of NBO species via the above reaction, the calculated
(NBO+2FO)/T becomes exactly the same as the theoretical NBO/T, as illustrated in Figure 5. Note

that all the values from the MD simulations in Figure 5 have very small standard deviations.

Finally, from such MD simulations, atom-atom intermixing of network formers and clustering of
cations can be assessed via a detailed structural analysis. Although not performed here due to the
scope of the current study, we have previously explored these attributes in a DFT-optimized
CMAS glass structure (with a composition similar to the A2 5Mg glass in Table 1), which revealed
(1) the preferential intermixing of Si and Al (over Si and Si), (i1) the formation of a few percent of
Al-O-Al species, (iii) the slight preference of Ca atoms as charge compensators and Mg atoms as
network modifiers, (iv) the proximity of Mg atoms to FO sites (compared with Ca atoms), and (v)

small scale clustering of Mg atoms [34].
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Figure 5. Comparison of the calculated NBO/T (left axis) and (NBO+2FO)/T (right axis) from

MD-generated structural representations with the corresponding theoretical NBO/T values
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obtained from simple stoichiometric arguments [39]. NBO = non-bridging oxygen; FO = free
oxygen. The error bars are one standard deviation based on the analysis of six structural
representations. The R’ values for the linear fits (red, purple and blue dotted lines for Group A, B
and C, respectively) of the calculated NBO/T for each group of CMAS glasses are shown in the

figure.

3.1.2  CAS glasses (Group D)

In contrast to Group A-C glasses which are representative of GGBS compositions with a relatively
high degree of depolymerization (theoretical NBO/T =~ 1.3 to 2.2, Table 3) and low compositional
variation, the CAS glasses in Group D cover a much wider compositional range. Specifically, D1-
4 reside in the peraluminous region (CaO/Al,O3 < 1), where there are insufficient modifier cations
(i.e., Ca%") to charge-balance the negatively charged alumina tetrahedra (i.e., [Al(O12)4]"), and
hence D1-4 are expected to be fully polymerized according to the stoichiometric argument (NBO/T
=0) [39]. D5-7 are slightly percalcic glasses (CaO/Al,O3 > 1) with theoretical NBO/T =~ 0.1 to
0.32 and are expected to be slightly depolymerized. D8 is highly percalcic with a theoretical
NBO/T of ~1.68, representing a highly depolymerized structure similar to the CMAS glasses in
Group A-C. While D1-4 compositions are relevant to class F fly ash, D5-7 and D8 compositions

are more representative of class C fly ash and GGBS compositions, respectively.

Table 4 summarizes the nearest interatomic distances and the average CN for the eight CAS glasses

determined from the MD-generated structural representations. It is clear that the interatomic
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distances are similar to each other among the eight CAS glasses and are also similar to those of
the CMAS glasses in Table 3. As expected, all the Si atoms are 100% [V-coordinated, while the
Al CN is slightly higher than 4.0, indicative of a small proportion of Al in higher coordination.
Compared with the CMAS glasses, the CAS glasses exhibit a larger variation in the average CN
of Al atoms (~4.02-4.11 in Table 4 as compared to ~4.02-4.04 in Table 3) owing to the larger
extent of compositional variation. A larger variation in the Ca CN is also seen in Table 4 (~6.69-
7.19) as compared to ~6.72-6.83 for the CMAS glasses in Table 3. The CN distribution for the Ca
cations in the CAS glasses is seen to be dominated by VII-fold coordination with a considerable
amount of VI- and VIII-fold except for the most peraluminous glass, i.e., D3, which is dominated
by VI-fold coordination (see Figure S9 of the Supplementary Material). These results are similar
to the CMAS glasses (Figure S8b of the Supplementary Material) and are generally consistent with

literature data on calcium aluminosilicate glasses [81, 82].

It appears from Figure 6 that the average Al CN is, in general, inversely correlated with the
theoretical NBO/T (negative value indicating insufficient modifier content for charge-balancing),
with a lower theoretical NBO/T value generally leading to a higher average Al CN. This general
trend is consistent with literature data [39] which show that the formation of high-coordination Al
in CAS glasses increases in the highly peraluminous region (CaO/Al>O3 < 1). This is because there
is a greater need for charging balancing in the highly peraluminous regions as there are insufficient
charge-balancing cations (e.g., Ca), and the formation of high-coordination Al and tri-cluster
oxygen are two postulated mechanisms for local charge-balancing in aluminosilicate glasses [83].
However, it is also seen in the intermediate region (theoretical NBO/T =-0.1 to 0.32; D1, D4, D5,
D6 and D7) that there is an increasing trend of Al CN with increasing theoretical NBO/T value

(the gray region in Figure 6), which seems to contradict the overall trend (black dashed line in
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Figure 6). A closer examination of the data in this intermediate region reveals an increasing trend
of Al CN with an increasing amount of Ca cations, as highlighted by the light blue region in Figure
6. This deviation from the global trend in the intermediate region could be attributed to the
increasing Ca content, since it has been shown in the literature that high strength modifier cations
(e.g., Ca over Na) favor the formation of high-coordination Al [39]. Nevertheless, more research
is needed to consolidate the above observations, given that the CN in Figure 6 is within a very

narrow range and the dispersion of the data points is high.

Table 4. The nearest interatomic distances and the coordination numbers (CNs) in the first
coordination shell of Ca, Al and Si atoms for the different CAS glass compositions in Group D.
The nearest atom-atom interatomic distances were obtained from analysis of partial RDFs, while
the coordination numbers were calculated using the same cutoff distances adopted for Group A-C.
The interatomic distance and CN values in the table are averages based on three separate partial
RDFs (from the three MD trajectories), with one standard deviation given in the brackets (the

values have been rounded to two decimal places).

D # Theoretic'al Nearest interatomic distance (A) Average coordination number
NBO/T Si-0  Al-O  Ca-O 0-0 Si Al Ca
D1 _0.10* 1.63 1.75 245 2.67 4.00 4.04 6.69
' (0.00)  (0.00)  (0.01) (0.00) (0.00)  (0.005)  (0.01)
D2 _001* 1.63 1.75 2.44 2.68 4.00 4.11 7.00
' (0.00)  (0.00)  (0.01) (0.01) (0.00)  (0.01) (0.09)
D3 0.32% 1.63 1.76 2.44 2.68 4.00 4.09 6.49
' (0.00)  (0.00)  (0.01) (0.00) (0.00)  (0.01) (0.04)
D4 0.02% 1.63 1.75 2.44 2.68 4.00 4.06 6.77

(0.00)  (0.00) (0.01)  (0.00)  (0.00) (0.02)  (0.08)
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DS 032 1.63 1.75 243 2.67 400  4.07 7.00
' (0.00)  (0.00) (0.01)  (0.00)  (0.00) (0.03)  (0.07)
D 0.6 1.63 1.74 243 2.69 400  4.07 7.19
' (0.00)  (0.00) (0.01)  (0.00)  (0.00) (0.01)  (0.03)
D7 0.10 1.63 175  2.43 2.71 400  4.06 7.11
' (0.00)  (0.00) (0.01)  (0.00)  (0.00) (0.01)  (0.02)
DS L8 1.63 174 242 2.69 400  4.02 6.82
' (0.00)  (0.00) (0.00)  (0.00)  (0.00) (0.00)  (0.02)

' Theoretical NBO/T determined from chemical composition using simple stoichiometric argument

[39], with the details given in Section 7 of the Supplementary Material.

* Peraluminous region with no NBO in theory. The negative values indicate that there are

insufficient Ca cations to charge balance all the Al atoms, assuming all Al atoms are in 1V-fold

coordination. A more negative value indicates a greater Ca cation deficiency.
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Figure 6. Comparison of theoretical NBO/T and the average Al CN calculated from MD

simulations (black circle). The correlation between the average Al CN and Ca content (molar

percentage) from the MD structural representations is also shown in the figure using blue squares
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(right axis). All the values are averages based on the analysis of six different structural
representations, with one standard deviation shown in the figure. The dashed lines and shaded

circles are given to guide the eye.

The CN distribution of Al atoms from the MD simulations is compared with the corresponding
27Al NMR data obtained from ref. [15] in Table 5. The simulation results are seen to agree
reasonably well with the experimental data in the percalcic region (theoretical NBO/T > ~0.0, i.e.,
D5-8), as shown in Table 5 and Figure 7a. Also, both the experiment and simulation show that the
CAS glass compositions in this region are dominated by IV-fold coordinated Al with less than
~10% V-fold and negligible VI-fold, which is consistent with other investigations on percalcic
aluminosilicate glasses [39]. However, in the peraluminous region (theoretical NBO/T <~0.0; D1-
D4), the proportion of higher coordination Al (V- and VI-fold) is much lower in the simulation
(~5-10%) than the corresponding experimental results (~9-33%), although the general Al
coordination trend has been captured by the simulations as evidenced by the positive correlation
between experiment and simulation for both IV- and V-fold coordination (R’ values of 0.58-0.62
for linear fits, shown in Figure 7a). The discrepancies are especially large in the highly
peraluminous region (e.g., D2 and D3), which can be partially attributed to the selected cutoff
distance used during the calculation of CNs. As illustrated in Figure 7a, the proportion of IV- and
V-fold Al atoms significantly decrease and increase, respectively, when a cutoff distance of 2.8 A
is used (as opposed to 2.5 A). However, this increased cutoff distance also leads to an increase of

V-fold and a decrease of IV-fold Al for the percalcic CAS glasses in Figure 7a. Hence, the root

35/64



635

636

637

638

639

640

641

642

643

644

645

cause of this large discrepancy in the highly peraluminous region is likely the accuracy of force
field adopted here for predicting Al coordination in this region, although several other limitations
associated with MD simulations (as has been briefly outlined in Section 3.1.1) might have also
contributed to the difference. Development of a force field that can accurately capture the Al
coordination characteristics in both highly peraluminous and percalcic regions of CAS and CMAS

glasses is outside the scope of the current investigation but is worth exploring in the future.

Table 5. Comparison of Al CN distribution with 2’Al1 NMR results from ref. [15] for Group D

glasses (CAS).
ID # This study (in %) NMR results from ref. [15] (in %)
AL VAL VAl VIAL VAL VAl VIAL
D1 1.0(0.4) 94.2(1.0) 4.7(0.7) 0.0(0.005) 81 18 1
D2 0.3(0.3) 89.5(1.1) 9.5(1.1) 0.7 (0.4) 65 32 3
D3 0.3(0.2) 90.6(1.3) 8.6(1.0) 0.5 (0.7) 64 33 3
D4 03(0.2) 94.0(L.7) 5.2(1.7) 0.5(0.4) 90 9 1
D5 0.0(0.0) 93.5(2.5) 6.0(2.0) 0.5 (0.5) 93 7 0
D6 0.0(0.0) 93.5(1.2) 5.8(L.7) 0.7 (0.6) 94 5 1
D7 0.0(0.0) 93.9(0.8) 5.8(0.6) 0.3(0.3) 95 5 0
D8 0.0(0.0) 98.0(0.3) 2.0(0.3) 0.0 (0.0) 94 6 0
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Comparison of the proportion of BO and NBO species from the MD simulations with those
calculated from NMR data available in ref. [15] is given in Figure 7b. It is clear that the BO content
from the simulations and experiments agrees reasonably well, with the absolute differences in BO
content smaller than ~8% for all the glasses. A strong linear correlation is also seen between the
simulated and experimental BO content, with an R? value of 0.99, as shown in Figure 7b. Moreover,
the simulated NBO content agrees reasonably well with the experimental NBO, except for the two
highly peraluminous glasses (i.e., D2 and D3), where the simulations show that the quantities of
NBO species are negligible (~0.5-1%), as would be expected for highly peraluminous glasses. In
contrast, the experimental data indicate that a considerable amount of NBO species (~12-18%) has
formed in these two glasses. In the CAS glass literature, ~3-6% of NBO species are often observed
in tectosilicate compositions (CaO/Al,O; = 1, and theoretical NBO/T of 0) with 'O NMR
measurements [39, 84], which is close to our MD simulation results (~5%) and the calculated NBO
content from NMR data for D1 [15] (close to the tectosilicate composition with a theoretical
NBO/T of ~ -0.02). However, 'O NMR data on peraluminous CAS glasses [39] show that the
proportion of NBO species decreases as the CAS glass becomes increasingly peraluminous and
become undetectable (< 0.5%) at theoretical NBO/T values of ~—0.18 to 0.24. This inconsistency
between our simulation-derived NBO content and the experimental NBO content obtained from
the modeling of 2°Si NMR spectra in the peraluminous region suggests possible inaccuracies
associated with the fitting of the NMR data [15] given the overlapping spectra from different O
species. In fact, we can clearly see differences between simulated and experimental 2°Si NMR
spectra in ref. [15], especially for the highly peraluminous glasses (i.e., D2 and D3), which has

been attributed to several simplified assumptions in the model (as discussed in ref. [15]). In
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addition to the clear discrepancies found in the NMR fitted spectra, limitations associated with
MD simulations could also contribute to the differences seen between experimental and simulation
results in Figure 7b. This includes the accuracy of the adopted force field and several other factors
that have been briefly outlined in Section 3.1.1. In spite of these limitations, here the MD
simulations have adequately captured the major structural features (i.e., the nearest interatomic
distance, CNs and oxygen speciation) along with the anticipated composition-structure

relationships for these CAS glasses.
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Figure 7. Comparison between experimental and simulation results for (a) different Al
coordination and (b) BO and NBO content of the Group D CAS glasses (experimental results from
ref. [15]). Linear fits of the IV- and V-fold Al contents are shown in (a) using dotted lines, with R’
values of ~0.60. The impact of increasing cutoff distance from 2.5 to 2.8 A on the simulation-

derived proportion of IV- and V-fold Al in the CAS glasses is also shown in (a) using red squares
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and circles, respectively. A linear fit of the BO content is given in (b) using a dotted line, with the
R? value given in the figure. All the simulation results are averaged based on six structural

representations, with one standard deviation given in the figure.

3.2 Structural descriptors for CMAS and CAS glass reactivity

The reactivity of CMAS and CAS glasses is important for their applications as SCMs in blended
Portland cements and as precursor materials in AAM systems, yet the atomic origin controlling
their reactivity is not well understood, as was briefly discussed in the Introduction. The chemical
composition and atomic structure of these glassy phases have been seen to significantly impact
their reactivity in the above applications, although other factors such as the particle size
distribution, degree of amorphicity, solution chemistry and curing conditions can also have a
profound impact on reactivity [1-3, 10, 37, 85]. In this investigation, we focus on understanding
how the CMAS and CAS glass reactivity is influenced by the atomic structural attributes of the
glass. Specifically, in the following section, we evaluate how several structural descriptors derived
from structural analysis (i.e., average metal oxide dissociation energy and degree of
depolymerization) and dynamics analysis (i.e., average self-diffusion coefficient at melting) of the
MD-generated structural representations from Section 3.1 correlate with different reactivity data
obtained from the four literature investigations outlined in Table 1 (i.e., the corresponding CMAS

and CAS glasses in Group A-D) [8, 11, 12, 15].
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3.2.1 Average metal oxide dissociation energy (AMODE)

The dissolution of the CMAS and CAS glasses requires the breaking of different metal-oxygen
bonds (i.e., Si-O, Al-O, Mg-O and Ca-O) [33]. Given the oxygen CN number for each type of
atom (i.e., Ca, Mg, Al and Si) from the MD simulations in Section 3.1 and single metal-oxygen
bond strength from literature data, it is possible to derive a parameter that provides an overall
estimate of the energy required to break/dissolve the oxide glass. This parameter, denoted as the
average metal oxide dissociation energy (AMODE), is defined as follows (Equation 2):

AMODE = ENuCNuBSu-o )
YNy

where N, is the number of each type of metal cation (M = Ca, Mg, Al, or Si) in the oxide glass,
CN,; and BS,,_, are the average coordination number and the average metal-oxygen single bond
strength (BS) for each type of atom M, respectively. A similar idea has been explored previously
to derive a theoretical structural descriptor (F.e;) to predict the early stage reactivity of
ZrO»-containing soda-lime borosilicate glasses [51] and bioactive phospho-silicate glasses [86].
The CN,, values are calculated from the MD simulations (Tables 3 and 4), while the BS,,_,values
can be obtained from the literature. The BS of the single Si-O, Mg-O and Ca-O bonds in IV-, VI-
and VI-fold coordination are ~106, ~37 and ~32 kilocalories, respectively [87]. The BS of the Al-
O single bond depends highly on the Al CN: IV-fold Al has a BS of 79-101 kilocalories (the
average value of 90 is taken here) while VI-fold Al has a BS of 53-67 kilocalories (the average of
60 is taken) [87]. The average BS of the single Al-O bond is calculated by assuming that the BS

of V-fold AI-O is the average of IV- and VI-fold Al-O (i.e., (90+60)/2 = 75 kilocalories).
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According to Figure S8 and S9 in the Supplementary Material, both Ca and Mg cations in the
CMAS and CAS glasses have a distribution of CNs (with average values of ~6.7-7.5 and ~4.9-5.2,
respectively, Tables 3 and 4), so the actual average BS for Ca-O and Mg-O bonds will be slightly
different from those adopted here for VI-fold Ca and Mg (i.e., ~37 and ~32 kilocalories). However,
their impact should be relatively small due to the significantly lower BS of Ca-O and Mg-O single

bonds (as compared to Al-O and Si-O bonds).

Figure 8a-d shows how this AMODE parameter derived using Equation 2 correlates with the
different reactivity data from refs. [8, 11, 12, 15] for Group A, B, C and D glasses, respectively.
Although efforts were made in those experimental investigations to ensure similar particle sizes
for each group, there is still ~2-20% difference in particle surface area within a group. A recent
investigation on GGBS reactivity in alkaline environments showed that the reactivity (based on
ICC cumulative heat) increases linearly as a function of particle specific surface area (R’ values of
0.97-1.00 for linear fits) [37]. Another study on the impact of filler surface area on cementitious
reaction rates showed that increasing the surface area of limestone or quartz leads to a decrease of
the time to reach the ICC heat flow peak for blended cements [88]. Furthermore, in the literature
on glass dissolution, it is common to normalize the dissolution rate data with respect to glass
surface area when evaluating glass reactivity [89]. Hence, all the experimental data presented in
Figure 8 (and thereafter) have been normalized by the particle surface area within each group (refer
to Section 12 and Figure S10 of the Supplementary Material for details on the normalization

process).

It is clear from Figure 8a that the AMODE of the four CMAS glasses in Group A is strongly and

positively correlated with the time to reach the first reaction peak in the ICC data collected on
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Na>CO;-activated GGBSs (with an R? value of 0.95). A logarithmic scale of ICC time is used for
the x-axis (as opposed to a linear scale adopted for other reactivity data in Figure 8b-d) because
the extent of reaction (or ICC cumulative heat curve) is approximately a logarithmic function with
time, as illustrated in Figure S11 of the Supplementary Material. Figure 8a shows that a ~3.3%
increase in the AMODE value leads to a dramatic delay (over 30 hours) for the appearance of the
first ICC peak. For the Na>xCOs-activated GGBS system, the first ICC reaction peak is mainly
associated with the formation of the initial reaction products (e.g., calcite and gaylussite) between
the dissolved species from the neat GGBS (e.g., Ca species) and the carbonate species in the
activator solution [8]. Hence, this suggests that the GGBS with a higher AMODE experiences
significantly slower GGBS dissolution (e.g., the release of Ca species) in these systems. This is
consistent with our expectation since a higher AMODE value means that, on average more energy

is required to break/dissolve an oxide glass.

Figure 8b shows the correlation between the AMODE parameter for the CMAS glasses in Group
B and the bound water content in the resulting Na»>SiOs-activated GGBS obtained from
thermogravimetric analysis (TGA), which is a reflection of the degree of reaction of GGBSs,
defined as the percentage weight loss between 30 and 650 °C [12]. The bound water content data
in Figure 8b (and thereafter) have been averaged over five data sets collected at different curing
times to increase robustness, and this does not change the overall trend seen among individual data
set as illustrated in Figure S12 of the Supplementary Material. It is clear from Figure 8b that the
bound water content in the Na,SiOs-activated GGBS is strongly and inversely correlated with the
AMODE value of the CMAS glassy phase in the GGBS (with an R’ value of 0.95 for a linear fit).

A decrease in AMODE is seen to lead to a higher degree of reaction and hence a higher reactivity,
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which is consistent with the results in Figure 8a. A similar trend is seen for alkali-activated GGBSs

based on the CMAS glass compositions in Group C (Figure 8c, with an R’ value of 0.93).

Figure 8d shows the relationship between the AMODE parameter of the eight synthetic CAS
glasses in Group D and the extent of reaction of these glasses in a blended mixture of NaOH,
Ca(OH)> and CaCOs (reacted for 180 days), obtained from quantitative XRD analysis [15]. Due
to the larger compositional range in Group D, these glasses exhibit a wider range of AMODE
values (i.e., ~320-400) than the CMAS glasses in Group A-C (i.e., ~300-315). Despite the wider
compositional range of Group D glasses, the AMODE parameter is seen to be almost linearly and
inversely correlated with the extent of reaction data from quantitative XRD analysis, possessing
an R’ value of 0.97 for a linear fit (Figure 8d). The CAS glass with a lower AMODE value is seen
to exhibit a substantially higher degree of reaction after 180 days and hence a higher reactivity in
the blended Portland alkaline environment. This trend is also consistent with the results for the

CMAS glasses in Group A-C (Figure 8a-c).
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Figure 8. Comparison of the average metal oxide dissociation energy (AMODE) parameter (in
kcal) of the CMAS and CAS glasses and the reactivity data collected for the corresponding
aluminosilicate glasses [8, 11, 12, 15] for (a) Group A, (b) Group B, (¢) Group C and (d) Group
D. The isothermal conduction calorimetry (ICC) data (time to reach the first ICC peak) were
obtained from ref. [8] based on Na,COs-activated GGBS with the same chemical composition as
the CMAS glasses in Group A. The thermogravimetric analysis (TGA) bound water content data
in (b) and (c) were obtained from refs. [12] and [11] on Na>SiOs-activated GGBS with Group B
and C chemical compositions, respectively. The extent of reaction data in (d) were obtained from
ref. [15] based on quantitative X-ray diffraction (XRD) analysis of synthetic CAS glasses in Group
D activated by a blended mixture of NaOH, Ca(OH); and CaCO:s. A linear fit between the AMODE
parameter and the reactivity data (dotted line) is given in each figure (note that the x-axis for (a) is

logarithmic), with the R’ value (goodness of fit) also given. The error bars are one standard
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deviation based on the analysis of six structural representations from three independent MD

production runs.

Overall, the results in Figure 8 show that the AMODE parameter gives an accurate description of
the relative reactivity of the CMAS and CAS glasses when exposed to alkaline environments. We
have also used this AMODE parameter to correlate with other reactivity data (specifically the
extent of reaction from NMR and/or thermodynamic modeling, compressive strength data, and
TGA bound water data collected for NaOH-activated samples) available in refs. [8, 11, 12, 15].
The results are presented in Figure S13 of the Supplementary Material, and the level of agreement
as evaluated by the R’ values are generally comparable with those presented in Figure 8 for each
group of glass. The performance of the AMODE parameter is encouraging, particularly given the
inherent uncertainty of the experimental measurements and data analysis process (e.g., XRD phase
quantification), along with several limitations associated with the calculations of the AMODE
parameter: (1) the potential deviation of the actual average BS of the single Mg-O and Ca-O bonds
from those adopted here for VI-fold Mg and Ca cations, (ii) the approximation made with the BS
of AI-O in Al polyhedra (in particular, V-fold Al), and (iii) the potential inaccuracies of the
estimated CNs from MD simulations especially for Al atoms in the highly peraluminous region as
discussed in Section 3.1.2. The ability for AMODE to predict relative reactivity for the synthetic
CAS glasses in Group D is especially noteworthy since this group span a much wider
compositional range and does not exhibit obvious compositional inter-correlation as seen for the

CMAS glasses in Group A-C (see Figure 1 and Figures S1 and S2 of the Supplementary Material).
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Furthermore, AMODE is seen to perform much better than the NBO/T for describing CAS glass
reactivity (NBO/T shown in ref. [15]), where the NBO/T is determined by considering V- and VI-
fold Al (quantified from 2’Al1 NMR data) as network modifiers (more details have been given in

ref. [15]).

3.2.2  Self-diffusion coefficient at melting

At temperatures above the melting point of the CMAS and CAS glasses, the mobility of atoms
increases dramatically due to ongoing making and breaking of metal-oxygen bonds in the melt, in
a sense similar to the metal-oxygen bond-breaking process during glass dissolution. With this in
mind, we have calculated the mean square displacement (MSD) of the different elements in each
glass at 2000 K as a function of time using the MD trajectories from the NV'T equilibration step at
2000 K. The MSD results for a typical CMAS glass melt are shown in Figure 9, which clearly
reveal that the two modifier cations (i.e., Ca and Mg) exhibit much higher mobility (larger MSD
values at a given time) than the network formers (i.e., Si and Al atoms). This is expected as the
Al-O and Si-O bonds are much stronger (hence harder to break) than the Ca-O and Mg-O bonds
(as shown in Section 3.2.1). We also see that the MSD (i.e., mobility) of the Al is noticeably higher
than that of Si, which is also attributed to the lower average BS of the Al-O bond compared with
Si-O bond, as discussed in Section 3.2.1. In contrast, the Mg cation is seen to exhibit slightly higher
mobility than the Ca cation, although the BS of the Mg-O bond (~37 kcal) is slightly higher than

that of Ca-O in VI-fold coordination (~32 kcal). This could be attributed to the higher average

46/64



841

842

843

844

845

846

847

848

849

850

851

852

853

854

coordination of Ca cation that requires breaking of more Ca-O bonds for a Ca cation to move
around, as compared to the case of an Mg cation. Furthermore, the smaller size of Mg?* (~0.80 A
for V-fold [90]) compared with Ca?" (~1.14-1.20 A for VI- and VII-fold [90]) may contribute to

the higher mobility of the Mg cation since a smaller size makes diffusion easier.

0 200 400 600 800 1000

t(ps)
Figure 9. Mean square displacement (MSD) of each element along with the average of all atoms
denoted as “All” in a typical CMAS glass (i.e., A3 _7Mg) as a function of time during the 1 ns of

MD equilibration step at 2000 K.

Based on the MSD results, we can calculate the average self-diffusion coefficient (ASDC) for all

the atoms in each glass using Einstein’s equation (Equation 3):

([r@®-r(]1?)

p =2 ®
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where D is the self-diffusion coefficient, t is the simulation time, and {[r(t) — r(0)]?) is the MSD
between time t and 0. Hence, D is related to the slope of the MSD curve. To improve accuracy,

we have chosen the most linear portion of the data for all the calculations (i.e., 50-700ps).

The ASDC parameter is a measure of the average atomic mobility of all the atoms in each glass
simulated at 2000 K and hence, in a sense, reflects the ease of bond-breaking in the glass (i.e.,
higher mobility = easier to break bonds and dissolve glass). Although there are some similarities
between the ASDC and AMODE parameters, a major difference is that calculation of ASDC does
not involve any assumptions with BS for the different metal-oxygen bonds whereas the AMODE
parameter is dependent on the accuracy of the BS values from the literature. The second difference
between ASDC and AMODE is that ASDC is an indirect measure of bond-breaking and thus
reactivity while AMODE directly reports the ease of bond-breaking. It is also important to mention
that the ASDC parameter does not take into account the thermal history and the differences

between the structures at 2000 K and 300 K.

Figure 10 illustrates how the ASDC parameter correlates with the different reactivity data for the
CMAS and CAS glasses investigated here (same experimental data as reported in Section 3.2.1,
obtained from refs. [8, 11, 12, 15]). It is clear that a high degree of correlation is achieved using
this ASDC parameter for the different reactivity data, with R’ values of 0.92-0.99. The trends in
Figure 10 are opposite to those shown in Figure 8, with a higher ASDC value exhibiting a higher
reactivity, as expected. The similar R? values suggest a similar level of predictive performance for
both parameters. In fact, we see from Figure S14 in the Supplementary Material that the ASDC
parameter is almost linearly correlated with the AMODE parameter for all the glass compositions

studied here, with an R? value of 0.99 using a linear fit.
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Figure 10. Comparison of the average self-diffusion coefficient (ASDC) of all the atoms in each
CMAS and CAS glass at a temperature of 2000 K and reactivity data for the corresponding
aluminosilicate glasses from (a) Group A, (b) Group B, (¢) Group C and (d) Group D. Details
about these experimental data [8, 11, 12, 15] have been given in the caption of Figure 8. The error
bars are one standard deviation based on the analysis of six structural representations from three

independent MD production runs.

We have also examined the degree of correlation of this ASDC parameter with other experimental
data collected on the CMAS and CAS glasses in refs. [8, 11, 12, 15], including the extent of

reaction from NMR and/or thermodynamic modeling results, compressive strength data, and TGA
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bound water data collected for NaOH-activated samples. The results are shown in Figure S15 of
the Supplementary Material, where a linear correlation similar to that in Figure 10 is observed for
most of the data. These additional analyses in the Supplementary Material (including Figures S13
and S15) reinforce the observations that both the AMODE and ASDC parameters give an accurate
indication of relative reactivity for the CMAS and CAS glasses studied here. Furthermore, we have
performed additional simulations and analysis for the Group D glasses to further confirm the
validity of the correlation between ASDC and reactivity, including calculation of the ASDC at
3000 K and the impact of multiple quench-reheat cycles on the ASDC parameter. The
corresponding results are presented in Figures S16 and S17 of the Supplementary Material,
respectively, which show that a similar level of correlation is observed for the ASDC obtained (i)
at 3000 K and (i1) after thermal cycling compared with the correlation given in Figure 10d (to
within one standard deviation of the independent production runs seen in the figure). Therefore,
there is minimal impact of thermal history on ASDC value. A comprehensive test of the validity
of the ASDC parameter for predicting relative glass reactivity is outside the scope of this article

but is worth exploring in the future.

Finally, the performance of the commonly used degree of polymerization (i.e., NBO/T) and the
modified (NBO+2FO)/T (both NBO and FO are directly calculated from MD simulations results)
has also been evaluated with respect to the experimental data for Group A-D, with the findings
presented in Figures S18-20 of the Supplementary Material. The level of correlation for the four
data sets in Figure S18 achieved using NBO/T and (NBO+2FO)/T are compared with those of the
AMODE and ASDC parameters in Table 6. For the CMAS glasses in Group A-C, the R’ values
achieved with NBO/T and (NBO+2FO)/T (0.83-0.99) are comparable with, or only slightly lower

than, those obtained using the AMODE (0.93-0.95) and ASDC (0.96-0.99) parameters. However,
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the R’ value achieved with NBO/T (0.74) for the CAS glasses in Group D is much lower than the
other two parameters (0.97 and 0.92 for AMODE and ASDC, respectively). The generally poorer
performance of NBO/T and (NBO+2FO)/T is attributed to the fact that these two parameters do
not distinguish between the type of network former (i.e., IV-fold Al versus Si atoms) and the type
of network modifier (i.e., Ca versus Mg cations) with respect to reactivity. In contrast, these
potential differences between former/modifier types have been explicitly (and implicitly)
accounted for by the AMODE (and ASDC) parameter introduced in the previous sections. The
observation that the NBO/T and (NBO+2FO)/T parameters perform better for the CMAS glasses
in Group A-C (as compared to Group D) may be partially attributed to the fact that the oxide
compositions within each group of CMAS glass are highly correlated with each other as shown in
Figure 1 and Figure S1 of the Supplementary Material. Another possible contributing factor to this
observation is the better statistics (more data points) for Group D glasses than Group A-C glasses.
A more detailed discussion of the performance of NBO/T and (NBO+2FO)/T parameters is given

in Section 18 of the Supplementary Material.

Table 6. Summary of the level of agreement (R’ values) achieved for a linear regression between
the NBO/T or (NBO+2FO)/T parameter and the four experimental data sets associated with Group
A-D (see Figure S18 in the Supplementary Material for linear fits), in comparison with the
AMODE and ASDC parameters and their associated level of agreement (see Figures 8 and 10,

respectively).
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R? value for linear regression

Parameter

Group A GroupB  Group C  Group D
NBO/T 0.99 0.91 0.85 0.74
(NBO+2FO)/T 0.98 0.94 0.83 0.73
AMODE 0.95 0.95 0.93 0.97
ASDC 0.96 0.97 0.99 0.92

3.3 Broader impact & limitations

3.3.1 Broader impact

The development of accurate structural descriptors that are able to connect CAS and CMAS glass
compositions with reactivity (and other properties) is critical to a number of important industrial
applications, including blended Portland cements and AAMs. In this investigation, we developed
two structural descriptors based on force field MD simulations, which exhibit superior
performance for describing a range of reactivity data collected for a variety of CMAS and CAS
compositions (as compared to the commonly used degree of depolymerization parameter). On one
hand, this method can be readily extended to cover more complex aluminosilicate glasses,
including those containing Fe,03, K2O, Na>xO, MnO and TiO,. This would allow the impact of all
the oxide components to be explicitly or implicitly incorporated into these two structural

descriptors for a more holistic description of the reactivity behavior of these highly complex glassy
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materials. On the other hand, this method may also be extended to describe the chemical durability
and reactivity of other types of glasses or minerals, including those utilized in nuclear waste
encapsulation, bioglass dissolution and carbon mineralization. Nevertheless, the limitations
associated with the application of this method need to be carefully considered, as outlined in the

next section.

3.3.2 Limitations

Several limitations associated with this investigation warrant discussion. First, the reactivity of
amorphous aluminosilicates in alkaline environments is highly complex and a number of other
factors (in addition to the composition and structure discussed in this investigation) could have a
large impact on reactivity, such as activator solution chemistry, particle size distribution, degree
of amorphicity, curing conditions, and phase segregation in the original glass [1-3, 10, 37, 85]. The
complexity further increases for many SCMs used in blended cements and precursor materials
used for AAM synthesis (e.g., coal-derived fly ash), which are often more heterogeneous and
complex in composition and mineralogy than those presented in this investigation (which are either
pure synthetic glasses or GGBSs with a high level of amorphicity). The potential phase segregation
in the glassy phases of the SCMs (or precursor materials), as has been shown to be the case for fly
ash [17, 91], could have a dramatic impact on the reactivity of SCMs (or precursor materials) in
alkaline environments. Hence, the above factors need to be taken into account when applying the

structural descriptors proposed in this investigation.
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Second, the accuracy of force field MD simulations is highly dependent on the force field used,
hence a large portion of this investigation focused on evaluating the performance of the Guillot
force field [52] and specifically its ability to capture the structural features of CAS and CMAS
glasses seen in experiments. As seen in Section 3.1, although this force field can capture many of
the structural features, it is not able to give an accurate prediction of Al coordination in highly
peraluminous regions (albeit the general trend is captured). This necessitates future development
or optimization of force field parameters to provide a more accurate description of Al coordination
in both percalcic and peraluminous regions. In addition, MD simulations bear several common
limitations that have been briefly discussed in this investigation, including fast cooling rate and
limited cell size (as compared to real samples). Finally, as already discussed in Section 3.2.1, the
calculation of the AMODE parameter relies on several assumptions on the bond strength of
individual metal-oxygen bonds, especially the Al-O bonds for IV-, V- and VI-fold Al. More
accurate prediction of the bond strength of the different metal-oxygen bonds for a range of

coordination states would be helpful for future investigations.

4 Conclusions

The composition-structure-property relationships for amorphous aluminosilicates in alkaline
environments are important for many industrial applications, including blended cements and
alkali-activated materials. In this investigation, we employed force field-based molecular
dynamics (MD) simulations to generate detailed structural representations for CaO-MgO-SiO»-
ALO3 (CMAS) and Ca0O-Si10,-Al,03 (CAS) glasses with compositions similar to ten GGBSs and

eight synthetic glasses reported in the literature. We showed that the glass structural
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representations obtained using the MD simulations agree reasonably well with our experimental
X-ray and neutron pair distribution function (PDF) data of select CMAS compositions, as well as
literature data, in terms of the nearest interatomic distance, coordination number (CN), and degree
of depolymerization. Based on the structural analysis results, we developed two new structural
descriptors and evaluated their ability to predict relative reactivity for the CMAS/CAS glass
compositions, specifically (i) the average metal oxide dissociation energy (AMODE), an estimate
of the average energy (in kcal) required to break/dissolve all the metal-oxygen bonds in the glass,
and (i1) the average self-diffusion coefficient (ASDC) for all the atoms in the glass melt at 2000
K, which is a reflection of the overall atomic mobility and hence easiness to break metal-oxygen

bonds.

Connecting these structural descriptors with different reactivity data from four literature
investigations, including isothermal conduction calorimetry (ICC), bound water content from
thermogravimetric analysis (TGA), and the extent of reaction from quantitative X-ray diffraction
analysis, shows that the two parameters exhibit strong correlations with almost all the experimental
data for the CMAS glass compositions studied here with R’ values close to or higher than 0.90.
For the CAS glasses, which span a wider compositional range than the CMAS glasses considered
here, the AMODE and ASDC parameters exhibit much stronger correlations with the
corresponding reactivity data than the degree of depolymerization (NBO/T) parameter. This
behavior is attributed to the fact that the AMODE (and ASDC) parameter has explicitly (and
implicitly) taken into account the differences in the ease of breaking the various metal-oxygen
bonds in the glasses, which is not considered by the commonly used NBO/T parameter. The results
strongly suggest that the AMODE and ASDC parameters are promising structural descriptors that

connect CMAS and CAS glass compositions with their reactivity in alkaline environments, and,
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therefore, this investigation serves as a crucial step forward in establishing the important
composition-structure-reactivity relationships for amorphous aluminosilicates in alkaline

environments, relevant to AAMs and blended Portland cements.

5 Supplementary Material

Correlation between the different oxide content of the GGBSs and synthetic CAS glasses; Force
field parameters used; Structural and dynamic properties of a 16000-atom CMAS glass; Typical
initial structure generated using the Amorphous Prebuilder; Estimation of the CMAS glass density
at different temperatures; Density of NPT-quenched CMAS glass; Theoretical estimation of
NBO/T; Calculation of PDFs, partial RDFs, and R,; Comparison of simulated and experimental
PDFs; Comparison of the partial RDFs; CN distributions for the CMAS and CAS glasses;
Normalization of reactivity data based on surface area; Evolution of select reactivity data as a
function of reaction time; Correlation between the AMODE parameter and the additional
experimental data; Correlation between the AMODE parameter and the average self-diffusion
coefficient (ASDC) at melting; Correlation between the ASDC at melting and the additional
experimental data; ASDC at 3000 K and the impact of thermal history; Performance of the degree

of depolymerization.
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