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Abstract

Thirteen different cement-clinker crystalline phases present in the lime-silica-alumina
system have been systematically modeled using a simple and general force field. This
constitutes a new kind of approach to the study of lime-silica-alumina systems, where the
simpler and more transferable Lennard-Jones potential is used instead of the more
traditional Buckingham potential. The results were validated using experimental density
and structural data. Elastic properties were also considered. Six amorphous phases
(corresponding to calcium/silicon ratios corresponding to belite, rankinite, wollastonite
and alumina-doped amorphous wollastonite with 5, 10 and 15% alumina content) were
also studied using Molecular Dynamics simulations. The obtained MD trajectories were
used to characterize the different crystalline and amorphous phases in terms of the
corresponding radial distribution functions, aggregate analyses and connectivity among
silica groups. These studies allowed the direct comparison between crystalline and
amorphous phases and revealed how the structure of the silica network is modified in
amorphous materials or by the inclusion of other structural units such as alumina. The
knowledge at an atomistic level of such modifications is paramount for the formulation of

new cement-clinker phases.
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Cement is one of the most used materials worldwide. Ordinary Portland cement (OPC),
the most commonly used cement, is made by heating a mixture of limestone (or other
sources rich in calcium oxide) and clay (or other silicate sources) up to temperatures of
around 1500 °C in order to obtain a calcium-silicon oxide matrix comprising different
crystalline and amorphous phases. The reaction of the cement clinker thus formed with
water yields the formation of portlandite (calcium hydroxide, Ca(OH);) and of an
amorphous hydration product, the so-called C-S-H gel. While portlandite introduces
weakness in mortar and concrete due to its vulnerability to sulfate and carbonate attacks,
the formed CSH gel ensures the strength and durability of cement stone and confers its
outstanding mechanical and chemical proper‘[ies.l’2

Given the extensive use of cement worldwide and the difficulty of transporting it, many
different local sources have been used to produce clinkers with different characteristics.
However, the presence of alite (tricalcium silicate, C3S) and belite (dicalcium silicate,
C,S) as the two major phases present in Portland cement clinkers is deemed essential for
the formulation of cements with good strength-development characteristics. (Hereafter
we will use the cement industry nomenclature, i.e., C=Ca0O, S=SiO, and H=H,O and
A=Al,03). Calcium aluminates are also present as secondary phases and can also play a
role in the reactivity of the clinkers with water and the development of the mechanical
properties of the cement pastes.”

The production of cement has a negative carbon footprint, accounting for 5% of all man-
made carbon dioxide emissions. One way to reduce such footprint is to obtain suitable
clinkers using lower temperatures in the calcination process and/or using clinker

formulations with a lower calcium/silicon (C/S) ratio. In fact, reducing the calcium
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content of cement clinkers would solve several issues simultaneously: i) limestone
(calcium carbonate) is the preferred source of calcium oxide —this means that for every
mole of calcium incorporated in the clinker, one mole of carbon dioxide is produced and
released; ii) belite (C/S=2) can be produced at lower temperatures than alite (C/S=3); iii)
rankinite (C/S=1.5) and wollastonite (C/S=1) are other calcium-silicon oxides with
favorable C/S ratios and relatively low formation temperatures; iii) the C-S-H gel that is
produced during the hydration process of the clinker has C/S ratios around 1.0-1.4, which
means that part of the calcium present in alite clinkers is unnecessary to produce the C-S-
H binder, and is released as a calcium hydroxide by-product (portlandite).

Unfortunately belite-rich clinkers are not as reactive with water as their alite-rich
counterparts. However, the search for forms of belite or other calcium-silicon oxide
phases, with low C/S ratios, presenting improved reactivity towards water can now be
assisted using atomistic simulation techniques. In this paper we introduce a general and
simple force-field parameterization that allows the systematic modeling of different
cement clinkers, from lime-rich alite forms to silica-rich wollastonite phases. Unlike
previous (more sophisticated) force-field parameterizations that concentrated on specific
crystalline forms found on limited regions of the CaO-SiO, system, the present (more
general) force field also describes amorphous phases and encompasses calcium-

aluminum oxides and calcium-aluminum-silicon oxides.

Computational Details
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All the molecular dynamics (MD) simulations were carried out with DL POLY 2.20
code. Buckingham partial charge pair potentials for Si, O and Ca were taken from
Cormack and Du® and the pair potential parameters for Al-O were based on those from
Thomas et al.*

The Buckingham pair potential has the form:

qiq; —Tij Cij
Ul-j(rij) = L +Aijexp <—]> - (1)

ATEQT pij rfj

where gi, g, are the partial charges placed in atoms of type i and j, & is the permittivity of
a vacuum, r;; is the interatomic distance, and 4, p;; and Cjj are parameters describing pair
interatomic interactions. The three terms on the right-side of equation 1 represent
electrostatic, repulsive and dispersive non-bonded interactions, respectively.

In the limit at the interatomic distance r; = 0 the energy given by the Buckingham
potential tend to a negative infinity, which could be an issue in terms of MD simulations
for systems at very high temperatures (although that is not generally the case for the
temperatures discussed in this work). To overcome this potential problem, we retained
the partial charges unchanged and transcribed the other non-bonded interactions

parameters in order to fit a Lennard-Jones potential form (equation 2).

12 6
0,0) = e e ()~ (2)) g
where &; and o are Lennard Jones pair interaction parameters. The fitting was performed
taking into account the position of the Buckingham potential minimum at the interatomic
equilibrium distance and the interatomic distance at null interatomic potential. Averages
between values obtained for different types of clinker phase were considered in order to

obtain the final, general parameters.
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All parameters are given in Table 1. The validation of the Lennard-Jones parameters was
carried out through the simulation of a series of crystals at ambient pressure and

temperature and the validation of the obtained results using available experimental data.

Table 1. Interatomic potential parameters (eqns. 1 and 2) employed in this study.

Coulomb Buckingham Lennard-Jones
i-j pair gi/e Aii | eV oi/A  Cil/eV.A® gi/eV cil A
Si-O 24 18003.8  0.20520 133.54 1.16692  1.4988
Ca-O 1.2 131400.0  0.18750 60.00 0.08404  2.4203
0-0 -1.2 1388.8  0.36232 175.00 0.01407  3.2528
Ca—Ca 1.2 10000.0  0.23000 0.00 0.00011  4.1978

Al-O* 1.8 12201.0  0.19560 31.99 - -
Al-OP 1.8 12201.0  0.19060 31.99 0.17282 1.7773

# Reference 4; ° this work

The information used to generate the simulation boxes of the crystals were obtained from
The American Mineralogist Crystal Structure Database.” The unit cells were replicated to
give a simulation box with a minimum side of 5.0 nm (the size of the equilibrated
simulation boxes is given in Table 2, along with the simulated structural data, cf. Results
and Discussion section). Periodic boundary conditions were applied in all directions. The
modeling of the crystals used a Berendsen NoT ensemble at 300 K and p = 1 atm
(relaxation times of 2 ps and 0.8 ps for thermostat and barostat, respectively), timestep of
1 fs, cutoff of 1.203 nm, total simulation time of 235 ps and trajectories stored in the last
150 ps of the simulation runs (sampled at every 100 fs). The Coulomb potential was
evaluated using the Ewald sum method with precision of 10,

The simulation of the amorphous materials was adapted from reference 6. The first stage

consisted in the production of a random distribution of the atoms at the desired
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composition in a cubic box with sides of ca. 5.1 nm. The density was set to the
corresponding room-temperature experimental value of the calcium silicate glasses.” The
box was then pre-equilibrated under constant NVT conditions with a thermal bath of
4000 K for just 85 ps and timestep of 0.5 fs, using a Nosé-Hoover thermostat with time
constant of 0.5 ps. The second stage was a run at 4000 K for another 85 ps and timestep
of 1 fs, also in NVT. The third stage consisted in a run at 2500 K in NVT. To improve the
statistics, at this stage five different configurations for each amorphous sample were
made, all consisting in simulation runs varying between 170 ps (1 fs timestep) and 340 ps
(2 fs timestep). The next stage corresponded to a temperature quench of the simulation
box from 2500 K to 300 K at a rate of 10 K.ps'l, which is typical for MD studies of
glasses.*® In the fifth stage the box were allowed to relax under NpT conditions for 200
ps and timestep of 2 fs at 300 K, employing a Nosé-Hoover ensemble with relaxation
times of 0.5 ps and 2 ps for thermostat and barostat, respectively. The last stage consisted
in a run of 50 ps with a timestep of 1 fs for data production, where the trajectories were
sampled at every 100 fs. In all stages the Coulomb potential was evaluated using the
Ewald sum method with precision of 10~

The validation of the force field also included the estimation of different relevant elastic
properties of the CSA materials (both crystalline and amorphous). Those properties were
calculated using the linear relationship between stress o; and strain & (Hooke’s law):’

0; = Y3oq CijEj (1)
where c;; are the elastic stiffness coefficients of the matrix ¢. The equation 1 can be

written as:
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2)

Thus, the stress tensors were obtained from MD simulations of a series of NVT

ensembles. The strains were applied in steps of 0.1% both for contraction and expansion

of the lattice box (negative and positive strains, respectively) and the atomic positions

were relaxed at 7= 300 K. In each simulation series all but one strain was kept constant.

For crystals with cubic symmetry such as Cs;A, there are only three independent elastic

constants, ¢y, ¢12 and c44, which can be obtained from two simulation series changing the

strains €, and €,, for example.'® In fact for the systems simulated here the corresponding

stiffness matrix was constructed applying all the six strains to the simulation boxes and

the symmetric off-diagonal coefficients of the matrix ¢ were averaged.

The elastic compliance matrix was computed from the inverse of the elastic

stiffness matrix:

The Voight, Reuss and Hill definitions for Bulk (K) and Shear (G) moduli are:"!

K _ (c11+capte3z)+2(cia+c13+C23)
Voight — 9

1
(s11+S22+533)+2(512+S13+523)

Kreuss =

KyoighttKReuss
K = Yot

G _ (cq1t+cap+c33—C12=C13—C23)+3(C44+C55+Ce6)
Voight — 15

15
4(511+S22+533—512—513—523)+3(S44+S55+566)

Greuss =

)

4

)

(6)

(7

(8)
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G — GVoight;GReuss (9)

The Young modulus (E£) and the Poisson ratio (v) for isotropic materials were

calculated from the relationships:

9KG
T 3K+G (10)
V= C12 _ 3K-2G (11)

011+C12 - 2(3K+G)
Also, the coefficients of the compliance matrix s;;, 22 and s;33 are related with the Young

moduli measured along each crystallographic direction:

Ey=—  E,=—  E,=— (12)

S11 S22 z 533
The Bulk modulus was also calculated through PxV relationships (P varying up to 3000
atm) with Buckingham and Lennard-Jones force fields for crystalline phases with known
values of K.
Radial Distribution Functions g(r;) between representative atom pairs, coordination
numbers N; and aggregation analyses of SiO4 groups in amorphous clinker phases are
presented and discussed bellow.
The ring statistics were calculated using the R.ILN.G.S. v1.2.4 code.'? Rings containing
up to 30 atoms (Si + O) were examined by the shortest-paths criterion,” excluding
homopolar bonds (Si-Si or O-O) from the search. The cutoff distance for the Si-O bond
was set to 0.19 nm in all glasses studied.
The drawings of the simulation boxes showing the coordination polyhedra were produced

with the VESTA software.'

Results and Discussion
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A systematic force-field for cement clinker sub-phases: development and rationale.

There is a large number of available force-field potential parameterizations capable of
modeling materials related to cement clinkers, silicate or aluminate glasses, zeolites or
other hydrated multi-component mineral systems. Some of these potentials have been
built to describe the interactions between different types of atoms within a given crystal
which means that the transferability of the corresponding parameters is generally not
possible when considering other (analogous) systems. Historically, most of the potentials
used to model cement clinker phases (and even the corresponding hydrated systems) have

341521 some originally developed for silicates

been based on Buckingham-type potentials,
and alumino-silicate materials, where different three-body interaction terms are generally
introduced to account for the bond-hybridization around particular atom types such as
silicon and oxygen.'” Polarizability effects can also be taken into account by using core-
shell approaches instead of relying on fixed partial-charge models. Reactive MD
simulations can be introduced using the appropriate reactive force-fields (e.g. ReaxFF).?

The rationale behind the definition of the present force field is different: instead of
relying on a sophisticated model that describes with great accuracy a given crystalline
structure and the modifications that can occur when such structure is subjected to
different types of stress such as dislocations, defects, free surfaces, or even chemical
reaction, we wanted to check how far we could go with a very simple and general force
filed model in the prediction of the basic structural features of a series of different phases

present in cement clinkers, thus covering both crystalline and amorphous systems present

in distinct regions of the lime-silica and lime-alumina phase diagrams.
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Table 2 compares different force field parameterizations considered in the present work.
Some of these were tested in terms of their possible use in the construction of a general
and transferable model; others are just presented and discussed due to their current
relevance in the modeling of cement phases and related systems. It must be stressed that

the table is by no means exhaustive —this is not a revision article.
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Table 2. Summary of the force field parameterizations discussed in this work.

Systems / Application

Soda-lime-silicate glasses. Transferable to
clinker phases with 1.0 to 3.0 C/S ratios.

Ref. Force field type
Tested and used in the development of a transferable model
3 Buckingham potential with fixed
partial charges.
4 Buckingham potential with fixed

partial charges.

This
work

Buckingham and Lennard-Jones (LJ)
potentials with fixed partial charges.

Lime-alumina glasses (C/A = 1.67). Partially
transferable to clinker phases with 0.5 to 3
C/A ratios.

Transferable among different clinker phases
(crystalline and amorphous) within the lime-
silica-alumina ternary phase diagram.

Tested and not used in the development of a transferable model

23 LJ potential with fixed partial
charges and three-body terms.

24 Born-Mayer-Huggins potential.
Fixed formal charges.

15 Buckingham potential with core-

shell charges and three-body terms.

Used for tricalcium silicate (alite). Not
transferable to wollastonite.

Used for molten CaAl,Si,Og (plagioclase).
Not transferable to rankinite and wollastonite.
Used for chabazite zeolite. Transferable to
rankinite but not to wollastonite.

Other relevant, state-of-the-art force fields

25 CLAYFF: SPC-water and LJ models
with fixed partial charges and three-
body terms.

26 INTEFACE FF: LJ potential with
fixed partial charges.

16 Buckingham, LJ and Morse
potentials with core-shell charges.

18 Buckingham model with three-body
terms and core-shell charges.

17 Buckingham and LJ models with
three-body terms and core-shell
charges.

19 REAX FF: reactive MD simulations
using the previous model.

20 Buckingham potential with fixed

partial charges.

Calcium hydroxide (portlandite) and
hydroxide or oxyhydroxide clay phases.
Centered on hydroxylated systems.
Tricalcium silicate (alite), tricalcium
aluminate, ettringite, tobermorites. Work in
progress.

Calcium silicate (wollastonite). Restricted to
one calcium-silicate.

Doped tri- and dicalcium silicates (alite and
belite). Focuses on the two major cement
clinker components.

Calcium silicate hydrate (C-S-H gel).
Tobermorite, jennite, portlandite. Focuses on
cement pastes.

Calcium silicate hydrate (C-S-H gel). The
reactions of confined water in C-S-H.

Lime, silicates. Glassy materials from
quenching of melts. Centered on glasses.

The present force field generalizes and simplifies the state-of-the-art force fields usually

used to model cement clinker and pastes

16-20

in three important ways: 1) non-bonded

interactions (repulsive contacts and dispersive) are modeled via the Lennard-Jones
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potential instead of the Buckingham potential usually employed for minerals; ii) only pair
potentials are considered (no three-body terms are included); iii) fixed partial charges are
used instead of core-shell models.

The crucial difference between the Buckingham and Lennard-Jones potentials —Eqns.
(1) and (2), respectively— lies in the description of the repulsive term corresponding to
the forces that avoid the overlap of the interacting particles and maintain the atoms at the
correct contact distances. In the case of the Buckingham potential those interactions are
modeled via two parameters (4;, p;) independently from the dispersion term
(parameterized via Cj;). On the other hand, the Lennard-Jones potential only requires two
parameters that model the intensity of the dispersion forces (g;) and the contact distance
(03 in an interconnected way. This means that inorganic crystalline phases have been
traditionally modeled using the Buckingham potential due to its superior ability for the
description of the contact repulsions (packing) between atomic interaction centers.
However, if the aim is to obtain a more general force-field that is able to model different
crystalline and amorphous phases (where the environment and packing of a given atom
type will vary from system to system), the enhanced description of a particular system
awarded by the Buckingham potential can be traded-off for a larger scope of application
and a higher compatibility/transferability of parameters given by the Lennard-Jones
potential. In fact that has been the rationale behind the development of a very recent
general force-field to be applicable at the interface between (bio)organic and inorganic
systems and circumvent prevailing roadblocks that exist between the two modeling

realms.”’***" In the present case we will not go as far as such organic-inorganic
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interfaces but will focus our efforts in the different phases present in cement clinkers and
pastes.

One important issue of the transition from Buckingham to Lennard-Jones potentials is
that the latter rely heavily on combination rules to obtain cross interaction parameters.
Due to the close packing of atoms that is the norm in inorganic crystalline systems such
rules usually yield values that need to be adjusted using extra correction parameters. In
order to avoid such situation we have decided to perform the transcription of parameters
between the Buckingham and Lennard-Jones potentials not only for interactions between
atoms of the same type but also for the cross interactions between distinct atom types.
Part of the general behavior of the Lennard-Jones potential is lost when this option is
implemented but that is the price to pay for extending its applicability to inorganic
crystalline systems.

The second simplification to be addressed is the absence of three-body potentials. These
are deemed necessary when the interactions between certain types of atom (e.g. silicon
and oxygen in silicates) have a certain covalent character and thus depend on issues such
as the underlying hybridization of atomic orbitals to yield proto-molecular structures (e.g.
the oxygen tetrahedra surrounding the silicon atoms). In fact for molecular species, such
as those prevalent in organic systems, the so-called bonded interactions play a central role
in the building of the molecular frameworks and are described using a series of two, three
and four-center terms related to the molecular internal modes of motion (stretching,
bending and torsion modes). For inorganic systems based on atomic species part of the
covalent character of a given interaction can be associated to a charge transfer process

between the two atoms in question. In such cases partial (reduced) charges have been
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employed instead of the formal charges attributed to a given atomic ion. In those
conditions it was found® that three-body terms are not strictly necessary. The exclusion of
such terms have an impact not only on the speed of the simulations but also on the
transferability and scope of application of the force fields: force fields with three-body
terms (based on the Buckingham15 and Lennard-Jones™ potentials) yield very precise
results for the original target systems but very poor results when applied to other (not so
dissimilar) systems; force fields with fixed partial charges and no three-body terms yield
acceptable structural results for a much broader array of systems (cf. next section).

The final simplification is related to the introduction of polarization effects via the use of
core-shell models instead of fixed partial charges. These effects can be important (and not
negligible) if one considers for instance the dielectric properties of materials, or if one is
studying surfaces or defective (doped) crystals. If one is mainly focused on modeling the
structural properties of bulk materials, including amorphous systems that can be obtained
by quenching the corresponding mineral melts, then the use of a rigid ionic model has
obvious advantages, both in terms of the required MD simulation time steps but also of
transferability (the tested core-shell potential'® yielded very poor results outside its
original applicability boundaries, cf. Table 2). It must be stressed however that the use of
a core-shell model in the present force field can always be re-introduced at a later stage if
for instance the simulation conditions call for it (e.g. if one tries to generate a free surface

from an equilibrated bulk phase).

Evaluation of the Lennard-Jones interatomic potential parameters.
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The transcription of the original Buckingham interatomic potential parameters to a
Lennard-Jones potential form was carried out and validated through the MD simulation
of thirteen crystals at ambient pressure and temperature. Some of the selected structures
represent the major components of the crystalline phases of the Ordinary Portland
Cement (OPC) clinker or are additives commonly found in cements (Figure 1). Table 3
compares the experimental unit cell parameters of the thirteen crystalline structures with
the respective MD values calculated employing the Lennard-Jones interatomic potentials.
The calculated lattice constants are in reasonable agreement with the experimental data,
even for the mayenite crystal (the major component of calcium aluminate cements) in
which the framework is partially occupied by oxygen atoms.”” Table S1 in the Electronic
Supporting Information (ESI) shows the results calculated with the original Buckingham
parameters. The comparison between Tables 3 and SI1 attests the validity of the
Buckingham to Lennard-Jones transcription process.

Table 4 compares MD and crystallographic data relative to the interatomic distances
within the nine distinct studied crystalline structures (data for different polymorphs of the
same type of crystal are condensed in the form of distance ranges). The agreement
between the two sets of data is reasonable given the general character of the force field
under discussion. For instance, the particularly difficult case of Ca-Ca distances —where
the atoms can be distributed within the crystal lattices at diverse distances— is still
adequately modeled by the use of common parameters for each type of atom: the
unusually large Ca-Ca distance in Grossite (0.434 nm instead of 0.347-0.375 for all other
crystals) is captured in the structures modeled by MD (0.450 nm instead of 0.330-0.370

for all other structures).
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In Table 5 the experimental densities of four CAS glasses are compared with the
corresponding MD results, along with the MD result for an amorphous material with C/S
ratio equivalent to the belite crystal. These amorphous materials were selected because
they have chemical compositions equivalent to some of the crystalline phases simulated
and they are inside or at the boundaries of the region of interest in the CAS ternary
diagram. Also, some of the selected glasses have known experimental elastic properties,
allowing inspection not just of the equilibrium structural parameters but also parameters
such as the bulk modulus, which involves deviation from equilibrium.

Table 6 does the same sort of distance comparison as in Table 4, but for three
(Ca0)x(Si0y);x glass models. The analyses are focused on the Si-O and Ca-O distances
and are supplemented by data showing the average oxygen and calcium coordination
numbers to either silicon and/or calcium. The presented results are consistent with those
reported by Mead et al.,® namely for the C/S = 1 ratio (cf. fourth data row of Table 6).
The apparent discrepancy in the coordination numbers of bridging and nonbridging
oxygen atoms (Op and Oyp) lies in the fact that i) their analyses are based on population
analyses obtained directly from the corresponding Si-O or Ca-O radial distribution
functions, while ours is performed using aggregation analyses with selected distance
criteria; ii) their analyses do not take into account the possibility of free oxygen atoms
(Oi, not coordinated to any silicon atom). If the type of analysis performed by Mead et
al.® is performed on RDFs obtained directly from our MD trajectories, we obtain results
very similar to theirs (cf. fifth data row of Table 6).

The wvalidation in terms of distances and nearest neighbors for eight

(Ca0)x(S102),(Al,03), glass models is given in Table 7. The first three lines in the table
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summarize the results for amorphous materials with C/S = 1.5, the lines four to six
include MD data to glasses with C/S = 1.0, and the seventh and eighth rows give the
results for glass models with the same chemical composition of crystalline anorthite
(CAS;) and krotite (CA), respectively. The interatomic distances AI-O and Ca-O
calculated for CA are in good agreement with the experimental values of 74,0 = 0.176 nm
and rc,0 = 0.238 nm found by neutron and x-ray diffraction.’® The distances ralo and rsio
of the amorphous with composition equivalent to that of anorthite are corroborated by the
experimental data*® found by energy dispersive x-ray diffraction (a0 = 0.1722 nm and
rsio = 0.1647 nm). In general, the coordination numbers calculated for AlO and SiO pairs
in CAS system are in line with the values found either by MD or experimentally (Naio =
4.0 in krotite-equivalent amorphous”' and other CA glasses with composition close to
eute‘[ic,4 Natossio = 3.9 in anorthite-like and other amorphous48 in CAS system). On the
other hand, the coordination number for CaO pair found in literature are much broader,
once it is subject to interferences in the fitting procedure given overlap with the OO pair
distribution functions, uncertainties in x-ray beam energy calibration or proper definition
of the first minimum in CaO pair distribution functions in MD calculations (which
effectively defines the first coordination shell). The values found for Nc,o range from 5.6
for krotite-like amorphous,”’ 5.59 and 6.2 by x-ray difraction® and MD simulation,’
respectively, in (Ca0)g 63(Al203)0.37 eutectic composition glass.

The calculated occurrence of five-fold coordinated aluminum ®'Al (network modifier)
was P!Al = 0.15% for glassy CAS, and P'Al = 0.05% for amorphous CA, lower than the
values found by NMR* (AL = 7% for CAS, and P'Al = 4% for CA). The presence of

oxygen triclusters u3 (O atoms coordinated by three Al atoms) calculated for anorthite-
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like (43 ~7%) and krotite-like (13 ~12%) amorphous compositions are in fair agreement
with the reported data (u3 = 1-2% for CAS, glass® and u3 ~5% for CA glass>**®). The
fraction of non-bridging oxygen atoms (NBO) was calculated in 8% and 12% for CAS,
and CA glasses, respectively, and are close to NBO = 5% determined for CAS,
amorphous by NMR™ and NBO = 12% found for CA glass by MD simulations.®

It was also confirmed that the Al distribution in simulated CAS glasses follows the
Loewenstein’s rule (or Al avoidance principle, valid for low Al content). The probability
P, m of finding Si0, tetrahedral units bonded to other n SiO4 or m AlQO4 tetrahedral sites,

0" (mAl), can be carried out by the following distribution:>’

Pam = mos ™ (1 = )" ™ (13)
where p is the ratio Al/Si. The probabilities for CAS glasses with C/S = 1.5 and 1.0 are
reported in Tables S2 and S3 in Supporting Information. These results endorse that the Al
is fully incorporated into the silica network in the simulated amorphous compositions.

Finally, the present force field parameterization was also tested by considering the
response of the volumetric properties of the condensed phases to pressure (calculation of
the Poisson ratio, bulk, shear and Young moduli). The obtained results are compared in
Tables 8 and 9 with results found in the literature for some of the systems (both
crystalline and glasses). The errors in elastic constant calculations, which involve
deviation from equilibrium conditions, are higher than those found for densities and
lattice parameters. However, in this case, errors of 10-15% are considered good results®
because there is some dispersion of the values even between the published data,

evidencing the difficulties involved in this type of experiment, which depends on the

number of the defects of the sample, porosity, the technique employed,” among other
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factors. Thus, it is not surprising the absence of reported mechanical properties for
several of the crystalline phases investigated. Even for alite-M3, the major constituent of
cement clinker, the direction-dependent Young moduli were first reported only recently,”
based on MD results from a force field developed for C;S. Bearing in mind that our
objective is set up a general force field adequate for cement-clinker crystalline and
amorphous phases, the results are fairly good. The elastic properties for CS phases are in
better agreement with the reported values than the calculated moduli of the CA phases.
For alite-M; K is underestimated by ca. 15% and G is overvalued by 25%, resulting in the
deviation seen in Poisson ratio (we suspect that the same issue is affecting the results for
the M; polymorph, although there is no experimental data for comparison). This could be
corrected in principle by incorporating in the force field a specific descriptor for O; atoms
(present only in this clinker-crystalline phase and in amorphous materials, discussed
below) instead of employing a single potential parameter for all oxygen atoms (Op, Onp
and O;). However, during the melting stage of construction of the amorphous materials
the oxygen is able to change its status between Oy, O, and O;, and the routine to deal
with this task would be computationally expensive.

In comparison to the three-term Buckingham potential, the steeper form of the two-
parameter Lennard-Jones potential curve gives rise to more abrupt changes of the ion-pair
interaction energy when the interatomic distance 7 departs from equilibrium.
Consequently, the moduli calculated with the Lennard-Jones potential are systematically
higher than those calculated by the Buckingham potential, as can be seen for Bulk moduli

determined through PxV relationships for crystalline phases with known values of K. On
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the other hand the computational cost of the two-parameter model is reduced with respect
to the Buckingham potential.

The symmetry of the crystalline phase is related to the number of elastic coefficients.’
For isotropic materials the Young modulus in the three principal crystal directions are
equal. The computed Young moduli in the x, y and z directions for alite-M; are ca. 140
GPa and indicate that this polymorph is more isotropic than the M form.** The direction-
dependent Young moduli are sensible to the changes in the intermediate range order of
the materials when going from Ca-rich crystal phase alite (C/S = 3) to wollastonite (C/S =
1). The less compressible directions in belite minerals appears to be associated with more
densely packed SiO4 layers in those directions. The rankinite structure is ordered in
successive layers of Ca atoms and Si,0; groups parallel to the z direction, with the Si,O;
units oriented towards z direction and resulting in lower compressibility of the mineral in
this direction. In wollastonite minerals the dreierkette-type chains of silica are oriented
along the y direction and provides higher resistance to compression/expansion with
respect to x and z directions.

The isotropic structure of the C;A is composed by six-membered rings of AlO4
tetrahedra, held together by Ca atoms,'' while the mayenite structure consists of 8-
membered rings of AlOj tetrahedra interconnected in a cage-like, open framework,
resulting in slightly high direction-dependent Young moduli. The crystal structure of
krotite consists in layers of six-membered rings of AlO, tetrahedra stacked in y direction
and is more compressible in this direction compared to the x and z crystal directions. The
value of E, for grossite reveals that the structure is more deformable in the direction of

the Ca-rich planes, as well as E, indicates the same for gehlenite crystal.
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Figure 1. Ternary phase diagram for the CaO-Al,05-SiO, system highlighting the different
regions where a given oxide component crystallizes from the corresponding melt.”> Cement
notation is given for the different phases that can be present in common cement clinkers, along
with the corresponding polymorphs. The labels and points in red correspond to the clinker
crystalline phases modeled by the present force-field. Some composition points lie outside the
corresponding regions due to the presence of peritectic phase transitions. The colored lines
underlining three of the red labels correspond to the color-coding used in figures 2-8, for the three

calcium silicate phases more extensively studied in this work.
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Table 3. Structural data for selected crystalline phases of the lime-silica-alumina system. Lennard-Jones potential MD data in italic and relative

deviations between MD and experimental results in parenthesis. Buckingham potential MD results are given as ESI.

name alite alite belite belite belite  rankinite wollastonite wollastonite - mayenite krotite  grossite gehlenite
polymorph M, M; a B Y - o B - - _ _ _
formula Ca3Si05 Ca3SiO5 Cazsi04 Cazsi04 Cazsi04 Ca3Si207 CaSlO3 CaSIO3 Ca3A1206 C312A114033 C3A1204 C3A1407 C32A128i07
CCN (O (O GC,S C,S C,S GsS, CS CS GA CnA; CA CA, C,AS
space group Pc Cm P6;mc P2;/n Pbnm P2;/a P-1 P2;/a Pa3 1-43d P2,/n C2/c P-42; m
reference 28 29 30 31 32 33 34 35 36 37 38 39 40
MD cells  2x8%5 2x8x3 10x11x8  10x11x8 10x8x6  5x6x8 Tx8x8 4x7x8 4x4x4 5x5x5 6x7x4  4x6x10  TxT7x10
MD atoms 12960 15552 12320 13440 11200 11520 13440 13440 16896 14750 14112 11520 11760
27.874 33.083 5.579 5.502 5.081 10.600 7.940 15.426 15.263 11.979 8.700 12.840 7.690
alA 27.918 33.305 5.623 5.637 5.118 10.652 7.866 15.298 15.286 12.105 8.709 13.038 7.783
(0.16) (0.67) (0.79) (2.406) (0.73) (0.49) (-0.93) (-0.83) (0.15) (1.05) (0.11) (1.55) (1.21)
7.059 7.027 5.579 6.762 11.224 8.920 7.320 7.320 15.263 11.979 8.092 8.862 7.690
b/ A 7.083 7.181 5.658 6.792 11.381 8.991 7.462 7.469 15.286 12.108 8.282 8.859 7.783
(0.34) (2.19) (1.42) (0.43) (1.39) (0.79) (1.94) (2.03) (0.15) (1.08) (2.35) (-0.04) (1.21)
12.258 18.499 7.150 9.339 6.778 7.890 7.070 7.066 15.263 11.979 15.191 5.431 5.100
c/A 12.274 18.594 7.041 9.363 6.823 8.180 7.202 7.201 15.286 12.109 15.204 5.513 5.065
(0.13) (0.52) (-1.52) (0.26) 0.67) (3.68) (1.87) (1.91) (0.15) (1.08) (0.08) (1.50) (-0.69)
/o 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00
@ 90.02 90.00 89.98 90.00 90.00 90.00 90.04 90.00 90.00 90.00 90.00 90.00 90.00
Jo 116.03 94.12 90.00 94.14 90.00 119.60 95.37 95.40 90.00 90.00 90.17 106.83 90.00
B 116.06 93.78 90.11 94.85 90.00 120.21 94.45 94.68 90.00 90.03 89.95 105.64 90.00
Jo 90.00 90.00 120.00 90.00 90.00 90.00 103.43 90.00 90.00 90.00 90.00 90.00 90.00
y 89.98 89.99 120.25 90.00 90.00 90.00 103.64 90.00 90.00 90.05 90.00 90.00 90.00
Vo A3 2167.24  4289.43 192.73 346.55 386.54 648.66 397.82 794.33 3555.66 1719.12 1069.45  591.54 301.59
cell 218043  4437.13 193.51 357.22 397.43 677.12 409.53 820.05 3571.54 1774.76 1096.69  613.20 306.79
3.150 3.182 3.073 3.301 2.960 2.953 2.909 2914 3.028 2.690 2.950 2.919 3.019
p/gem® 3131 3.096 3.061 3.204 2.880 2.830 2.827 2.824 3.018 2.611 2.873 2.853 2.992

(-0.61)  (2.69)  (-040)  (-2.94) (2.72)  (-4.16) (-2.82) (-3.10) (-0.32) (-3.07) (-2.46)  (-2.26)  (-0.88)
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Table 4. Interatomic distances, r;;, for selected crystalline phases of the lime-silica-alumina system. Comparison between experimental and MD

(bold and italic) data.
name alite belite rankinite wollastonite - mayenite krotite grossite gehlenite
polymorph M; o - o - - - - -
formula Ca3SiO5 Cazsi04 Ca3Si207 CaSlO3 Ca3A1206 C312A114033 C3A1204 C3A1407 CazAlzsiO7
CCN CsS G,S GsS, CS CA CpA, CA CA, C,AS
MD cells 2x8x3 10x11x8 5%6x8 7x8x8 4x4x4 5%x5%5 6x7x4 4x6x10 7x7x10
MD atoms 15552 12320 11520 13440 16896 14750 14112 11520 11760
0s-Oc 0.270-0.310° - - - - - - — —
0.305
0s-Os 0.266° 0.258-0.265° 0.252-0.276" 0.257-0.2738 0.286" 0.288! 0.280’ 0.283% 0.278'
0.260 0.260 0.260 0.260 0.280 0.280 0.280 0.280 0.280
Ca-O 0.240° 0.238-0.242° 0.242f 0.2408 0.234" 0.243! 0.2431 0.248" 0.254'
0.243° 0.250¢ 0.239°
0.235-0.240  0.235-0.240 0.240 0.240 0.240 0.240 0.240 0.240 0.245
Si-O 0.163" 0.162-0.164° 0.161° 0.163% - - - - 0.168'
0.163¢
0.160 0.160 0.160 0.160 0.160
Ca-Ca 0.347° 0.358-0.375° 0.375" 0.362° 0.315" 0.369' 0.350' 0.434 0.350'
0.350¢
0.363°
0.330 0.350 0.340 0.345 0.300 0.370 0.340 0.450 0.335
ALO - - - - 0.175" 0.175' 0.176’ 0.176" 0.175'
0.170 0.170 0.170 0.170 0.170

"Ref. 41; °Ref. 42; “Ref. 43; ‘Ref. 44; Ref. 45; Ref. 33; eRef. 46; "Ref. 36; 'Ref. 37; Ref. 47; "Ref. 39; 'Ref. 40
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Table 5. MD-calculated and experimental densities, p, of amorphous CaO-Al,05-Si0, (the name

of the crystalline phases with equivalent composition are also given for reference purposes).

Chemical  (£40),(i0;) (Ca0)(Si0z); (CaO)(Si0;) (CaO)(SIONAALO;) (CaO)(ALO,)
C/S 2/1 3/2 1/1 1/2 -
composition (belite) (rankinite) (wollastonite) (anorthite) (krotite)
reference 7 7 48/49/50 49
Atoms /box 9730 9852 9900 9841 10185
pvp/ gem®  2.965 2910 2.818 2.649 2.888
P oxp/ gcm” - 2.966 2.880 2.605/2.639/2.690 2.880

Table 6. Average distances, r;j (in nm), and average coordination numbers in (Ca0O),(SiO,);.
glass models. The cutoffs for the coordination shells were the first minima in radial distribution
functions (gcao(Fsner) = 0.310 nm, gsio(Fsrer) = 0.185 nm, and gcuca(Fgren) = 0.510 nm). Oxygen
atoms closer than ggo(7..) of two Si atoms were classified as bridging oxygens, Oy, closer than
gsio(7she) Of only one Si atom are nonbridging oxygens, O, and away than ggo(#.;) of any Si

atom are isolated oxygens, O;.

X 'sio Nsio Nsion Nsionb  T'ca0 Ncao Ncaon Ncaons  Neaoi Ncaca
0.67 0.160 4.00 0.40 3.60 0.235 6.36 0.57 5.22 0.57 10.6
0.60 0.160 4.00 0.77 3.23 0.235 6.38 1.18 4.93 0.27 9.30
0.50 0.160  4.00 1.40 2.60 0.235 6.31 2.18 4.05 0.08 7.09
0.5*  0.161 4.03 2.09 1.94 0241 6.4 1.0 5.4 - 7.0
0.50° 0.160 4.01 2.00 2.01 0.235 6.3 1.2 5.1 - 7.09

"Ref. 6; *Data for x = 0.50 analyzed as in Ref. 6.
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Table 7. Average distances, r;/nm, and average coordination numbers in (CaO),(SiO,)y(Al,05),

glass models (in mol %). The cutoffs for the coordination shells were the first minima in radial

distribution functions (gCaO(rxhell) =0.310 nm, gSiO(rshell) =0.185 nm, gAlO(rshell) = 0.210 nm and

gcaca(Fshen) = 0.510 nm). Oxygen atoms closer than g;j(7sxe) of two network former atoms (Al or

Si) were classified as bridging oxygens, Oy, closer than g;j(7sxez) of only one network former atom

are nonbridging oxygens, Oy, and away than gi(ry.;) of any network former atom are isolated

oxygens, O;.

CaO SiO; ALO; rao rsio  Nsio, Nsiobs Nsionbs Fcao  Ncao  Ncaob Ncaowb Ncaoi  Neaca
Naio Naiob  Naionb

583 388 29 0.170 0.160 4.00 1.09 291 0235 636 1.68 448 020 8.76

565 376 59 0170 0.160 4.00 140 2.60 0235 633 218 4.02 0.13 821

546 364 9.1 0.170 0.160 4.00 1.71 229 0235 632 2,67 356 0.09 7.52

48.6 486 29 0170 0.160 4.00 1.69 231 0235 641 268 3.67 006 7.01

47.1 471 59 0170 0.160 4.00 198 2.02 0235 641 314 321 0.06 6.54

455 455 9.1 0170 0.160 4.00 223 1.77 0235 628 349 275 0.04 622

250 500 250 0.170 0.160 4.00 3.68 032 0240 637 585 052 000 229
396 3.64 0.32

500 0 50.0 0.170 - 400 351 049 0235 657 577 079 0.0l 536
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Table 8. Poisson ratio (v), bulk (K), shear (G) and Young (£) moduli (in GPa) for selected

crystalline phases of the CSA system. Comparison between literature and MD data (in italics).

Alite-Ml, C3S

Alite-M;, C;8' %

a-belite, CZS58

B-belite, C,S' %>

K 105/103%/154° 161° 119%/131%/111%161°
75.241.9 87.642.4/81 +4°/84 42" 10845 13041/13642°/12642°
G 54.5° 53.1°
62.441.6 67.940.8 43.5+4.3 61.940.4
E 135/147/118/139° 130/140/138*
14743 16242 11549 16041
E, 152°
14245 15848 10546 17742
E, 176
13747 15848 11745 23942
E, 103*
14241 14542 12044 20342
v 0.31/0.28 0.30
0.17 0.19 0.32 0.30
y-belite, C2S6 Rankinite, C;S,’ 8.6l o-wollastonite, Cs%® B-wollastonite, CS
K 114° 95° 100/115%/104
10343/122+1/109+1° 1062/100+1°/91+1° 120£2/12441°/109#1¢ 13542
G
48.340.1 45.540.6 55.540.7 65.840.6
E
12541 11942 14442 17042
EYZ
13142 11542 13441 12641
E,
59.241.3 11847 214412 270412
Ez
12442 199+7 209410 23646
14
0.30 0.31 0.30 0.29
Tricalcium aluminate, Mayenite, C A Krotite, CA*® Grossite, CA,>% Gehlenite, C,AS™™"
C3A4,10,27,58,59,11
K 106/97%/103%/98* 141°/164° 86°/180° 123%/194°/200° 94°/108°
1344111412124+ 12222/12641%/11342° 107+1/11141/10321¢ 161+1/17442°/132+41% 165+1/15342°/126+1°
G 52.5%54.4°
65.940.6 56.540.3 56.440.5 74.340.1 77.640.7
E 145/139%/134°
17042 14741 14441 19341 20142
E. 160/133*
16246 17042 16041 22341 27441
E, 160/133*
16246 17042 13442 24141 27541
E, 160/133*
16246 17042 15145 27241 159410
v 0.28/0.29
0.29 0.30 0.28 0.30 0.30

“calculated ab initio or MD; "calculated from thermodynamic and thermoelastic parameters; ‘results from
PxV MD simulations with the Lennard-Jones FF; ‘results from Px¥ MD simulations with the Buckingham
FF; “estimated from the weighted mean between C (111 GPa) and A (255 GPa).
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Table 9 Poisson ratio (v), bulk (K), shear (G) and Young (£) moduli (in GPa) for selected
amorphous phases of the CSA system. Comparison between literature and MD data (in italics).

CS glass” CA glass” CAS, glass” C,S glass C;S, glass
K 692 79 69.2

73.942.5 1092 91.34£2.5 78.745.9 80.7£2.4
G 363 40.7 38.7

37.0£1.2 53.3£1.0 58.040.7 33.741.4 32.041.6
E 118 133 121

95.142.9 13743 14442 88.443.8 84.943.8
E. 927 104 98

96.643.2 13742 14544 90.244.6 86.343.0
E, 927 104 98

96.643.2 13742 14544 90.244.6 86.343.0
E, 927 104 98

96.643.2 13742 14544 90.244.6 86.343.0
vy 0.28 0.28 0.26

0.29 0.29 0.24 0.31 0.32
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Crystal structures and amorphous models with composition (Ca0),—(Si03) ...

Figure 2 shows snapshots of the simulation runs for some of the calcium silicate phases
studied. There are significant modifications in the structure of the calcium silicate
crystals as the ratio C/S changes, related to the spatial distribution of the Ca atoms as well
as to the organization of the SiOy units on the crystals. In alite and belite polymorphs the
[Si04]* groups are isolated and present some degree of orientational disorder in the
superstructure.””** Also, the inspection of the oxygen atoms in belite reveals that all O
are in the vicinity of a Si atom (non-bridging oxygen, Oy)® whereas in alite polymorphs
there is a fraction of interstitial O atoms closer to Ca than to Si, with an ionic character
(isolated oxygen, 0;).° In the rankinite crystal the Si and O atoms are arranged in
sorosilicate groups [Si,07]® in which a central O connects two SiO; units (bridging
oxygen, Op). In wollastonite polymorphs Si and O atoms are arranged in long parallel
dreierkette-type chains of {[SiO3]2'}n units and there is an increase in the number of the
bridging oxygen atoms in comparison to rankinite. This structural shifts among the four
types of calcium silicate crystals (wollastonite, rankinite, belite and alite) can be
summarized using the Q" terminology, that designates how a given silica tetrahedron is
connected to other silica tetrahedra in a given crystal: O denotes a silica tetrahedron
connected to another two tetrahedral units and is the hallmark of wollastonite crystals
with their chains of silica tetrahedra (Figure 2a); Q' is typical of the sorosilicate groups of
rankinite, i.e. isolated pairs of tetrahedrons (Figure 2b); 0" represents isolated silicate
tetrahedra like those of belite or alite . The difference between these last two crystals lies
in the absence (belite, Figures 2¢) or presence (alite, Figure 2d) of oxygen atoms not

connected to the silicate groups.
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O O:‘“ﬁcpo O: d

Figure 2. Selected snapshots of equilibrated MD simulation runs of the crystalline structures of:
B-wollastonite (green, a); rankinite (red, b); a-belite (blue, ¢); and alite-M; (d). Calcium, silicon
and oxygen atoms are depicted as grey, blue and red spheres, respectively. The [SiO4]* groups
are represented as blue tetrahedra. Images a-c represent side- and top-views of the corresponding

crystalline phases.
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The most important issue to take notice at this stage is that although the environment of
the silicon, calcium and oxygen atoms present in the different crystals is quite diverse, the
properties (structure, density) are still predicted with good accuracy after MD
equilibration is attained under N-p-T (anisotropic) ensemble conditions using a fairly
simple and general force field parameterization (data between parentheses in Table 2).
The good results obtained for the different calcium silicate crystals compelled us
to pursue the modeling of amorphous phases (glasses) obtained by the rapid temperature
quenching of calcium silicate melts at high temperature (4000-2500 K, cf. Computational
Details section). Figure 3 shows selected snapshots of the MD simulation runs after
equilibration under N-p-T ensemble conditions at room temperature. The three glasses
have the same chemical composition (C/S ratio) of belite, rankinite and wollastonite
crystals. As expected, all crystalline structural arrangements are lost in the amorphous
phases. The calculated densities of the calcium silicate glasses are lower than the
experimental data for rankinite and wollastonite (around 2%, Table 5), a situation
analogous to that observed for the crystalline phases. It must be stressed that even
without the use of three-body potential terms, the existence of silica tetrahedral units (and
the formation of structures made by them) is preserved in all studied glass phases.
Moreover, the typical Si-O distances in the simulated amorphous phases (0.160 nm)
agree with experimental data: 0.162 nm for calcium silicate glasses ranging from pure

amorphous silica to wollastonite-like glasses with a 1:1 C/S ratio.®®
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Figure 3. Selected snapshots of equilibrated MD simulation runs (300 K) of three calcium silicate
amorphous structures with compositions similar to those of belite (blue, left), rankinite (red,
center) and wollastonite (green, right). Calcium, silicon and oxygen atoms are depicted as grey,

blue and red spheres, respectively. The [SiO4]* groups are represented as blue tetrahedra.

Structure of the modeled calcium silicate phases I: Radial Distribution Functions.

Figures 4 and 5 present the radial distribution functions g(r;;) between representative
atom pairs in the modeled calcium silicate systems (both crystalline and amorphous
phases). Obviously, the variation in the g(r;) functions —peak shifts— among the
crystalline polymorphs with the same chemical composition reflects essentially the
differences in the arrangement of the atoms within each crystal lattice. On the other hand,
the g(r;) functions of the amorphous phases can be understood as an averaged-out

function of the most conspicuous peaks in the corresponding crystalline structures.



Physical Chemistry Chemical Physics Page 34 of 58

AARARAREES 2

0.0

Figure 4. Radial pair distribution functions between the silicon atoms of: M; and M; alite (light
and dark gray, a); a-, B- and y-belite (labeled blue shades, b); rankinite (red, ¢) and a- and -
wollastonite (light and dark green, d). The black lines in diagrams a-c represent the corresponding

amorphous phases.
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The first function to be discussed correlates the characteristic distances between silicon
atoms (Si-Si pairs, Figure 4). The four panels of the figure depict g(rs;s;) functions that
show the progressive destruction of the network of silica tetrahedra as the C/S ratio is
increased, from wollastonite to alite. For a- and B-wollastonite and rankinite the first
peaks of the crystalline phases appear at around 0.31 nm, indicating silicon atoms
connected via a bridging oxygen atom (tetrahedral units joined by one common corner).
Such peaks at ca. 0.31 nm are absent in the crystalline forms of alite or belite (only
isolated tetrahedral exist in those crystalline forms) but exist for the amorphous phase of
belite: there is some degree of silicate di- and trimerization of silica units in belitic
glasses.

Figure 4 also shows that the correlations between the silica units are very similar among
the different polymorphs of alite (M; and M;, Figure 4a) and wollastonite (o0 and
B, Figure 4d) but quite different among the three polymorphs of belite (a, § and v, Figure
4b). First, a-belite (the high temperature polymorph of belite) exhibits a g(rs;s;) function
characterized by broader and less intense peaks than the g(7s;s;) functions of the two belite
polymorphs (B and y) found at lower temperatures. This suggests a higher degree of
positional freedom within this high temperature polymorph —also reminiscent of the
situation found for both high-temperature forms of alite (M; and M) (Figure 4a). It is
interesting to notice that alite (M; and M3) and a-belite are the crystalline phases present
in Portland cement clinkers that react more readily with water to yield the C-S-H gel.
Second, the difference between the B- and y-belite polymorphs —both characterized by

sharp, intense peaks but with significant shifts between them— seems to indicate that the



Physical Chemistry Chemical Physics

isolation of the silica tetrahedral in the calcium oxide matrix caused by a C/S ratio of 2:1
can be accomplished in different ways with concomitantly different degrees of stability.
The second g(r) function to be considered correlates the distances between silicon and
oxygen atoms (Si-O pairs, Figure 5). In all cases there are extremely intense and sharp
first peaks centered at ca. 0.16 nm, corresponding to the direct binding between the Si
and O atoms to form silica units. These agree with the experimentally determined values
of 0.162, 0.162 and 0.165 nm for Si—O bond lengths in a-wollastonite, B-wollastonite
and y-belite.® Figure 5 also shows a strong secondary peak slightly above 0.4 nm for the
crystalline phases of wollastonite (Figure 5d). This corresponds to Si-O distances along
the silicate chains found in those crystalline phases. On the other hand the pronounced
peaks in Figure 5a (M; and M3 alite), depicted as dotted lines, represent a different class
of oxygen atoms (not present at the other C/S compositions), i. . oxygen atoms that are
not bonded to any silicon atom: isolated oxygen atoms. The relative intensity and regular
spacing of the peaks reveal i) the relative small proportion of these oxygen atoms (20%);
i1) the absence of a contact peak between these oxygen atoms and the silica tetrahedra;
and iii) their tendency to be surrounded by calcium atoms.

Finally, if the Ca-O and Ca-Ca pairs are considered (the corresponding g(r) functions are
given as supplementary information), one obtains a characteristic Ca-O distance of 0.235

nm for all studied calcium silicate phases (both crystalline and amorphous).
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Figure 5. Radial pair distribution functions between the silicon and oxygen atoms of: M; and Mj;
alite (light and dark gray, a); a-, B- and y-belite (labeled blue shades, b); rankinite (red, ¢) and o-
and B-wollastonite (light and dark green, d). The black lines in diagrams a-c represent the
corresponding amorphous phases. The truncated peaks in all diagrams correspond to the Si-O
bonds in the silicate units. The intensities at their maxima are given for each crystalline or

amorphous phase.

Structure of the modeled calcium silicate phases Il1: Aggregate Analyses.
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One way to analyze the distribution of silica aggregates in the amorphous calcium silica
systems is to calculate the probability of finding a particular atom (Si or O) in a silicate
67

aggregate of size n,,

Ng Z]C'=1 Ang ()
C-1

P(ng) = (14)
where C is the number of configurations sampled in the data production stage, is the
number of aggregates of size n, for a particular configuration j, and / is the total number
of atoms (Si + O) in the simulation box.

Figure 6 shows the aggregate size probability distribution functions in amorphous
systems with the same C/S ratios of belite, rankinite and wollastonite crystals. In
amorphous belite the majority Si and O atoms are covalently bound as isolated silicate
tetrahedra (45%), followed by 20% of sorosilicate groups (nsi= 2) and 11% and 7% of
clusters with ngi= 3 and 4, respectively. The percentage of unbound oxygen atoms (nsi=
0) is around 7%. Clusters with more than four silicate units represent less than 10% of the
total. In amorphous rankinite the cluster distribution is much broader: the number of
isolated silica tetrahedra is only 22% and is followed closely by 14%, 8% and 7% of
clusters with ng;= 2, 3 and 4 silicate units. The probability of finding larger clusters
decreases very slowly, with the 1% mark being attained only for clusters with ngi> 20.
Moreover, clusters with sizes varying from ngi= 40 to ns;= 60 can still be found in some
of the simulated systems and the number of isolated oxygen atoms is only 3%. Finally, in
the case of amorphous wollastonite there is an important structural/morphological shift:
the probability of finding small clusters is quite small (6, 3 and 2% for clusters with ngi=
1, 2 and 3, respectively) and decays quite rapidly. On the other hand, the probability of

finding silicon atoms in very large aggregates that percolate the entire simulation box
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(1600 <nsi< 1700, for the simulated systems with <2000 silicon atoms) is very high

(84%).

0.5
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Figure 6. Probability distribution as a function of the number of silicon atoms of a given silicate
aggregate for amorphous models of belite (blue), rankinite (red) and wollastonite (green). The
inset represents the probability of finding very large aggregates in the wollastonite system. It was

scaled 0.1x in the x-axis and 10x in the y-axis relative to the main graph.
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The morphology of the amorphous phases can also be discussed in terms of 1) the relative
amounts of the different types of oxygen atoms (isolated (I), single-bonded (S), and
bridging (B)) present in the systems; ii) the Q" parameters of the tetrahedral units, i. e. the
relative amounts of isolated silica tetrahedrons (QO), silica units bound by a single oxygen
(terminal tetrahedral, Q"), silica units bound by two oxygen atoms (linear bridging units,
0?), and silica units bound by three (or even 4) oxygen atoms (branching bridging units,
O’ and 0"); and iii) the evaluation of cyclic silica structures in the glassy systems.

Figure 7 shows graphically the first two of those distributions along with three
representative simulation snapshots of the amorphous phases, where the different types of
silica morphologies are highlighted.

The structural randomization that accompanies each transformation from crystalline to
amorphous phase implies that some single-bonded oxygen atoms (that constitute all, 6/7
and 2/3 of the oxygen atoms present in crystalline belite, rankinite and wollastonite,
respectively) will either become detached from their silicon atoms and become isolated
oxygen atoms, or will form a bond to a second silicon atom and become bridging oxygen
atoms. Such dual process is more noticeable in belite (with 9% shifts in each direction),
than in rankinite (4% shifts) or in wollastonite (1% shifts). Nevertheless, these sometimes
rather modest shifts in terms of types of oxygen atoms, correspond to much larger shifts
in terms of the connectivity of the existing silicate units. First it is interesting to notice
that belite, rankinite and wollastonite crystals are formed by 100% of 0°, O' and O*
silicate structures, respectively. When glasses with the same C/S ratio are considered, the

implicit randomization processes, yield Q" distributions that still preserve a majority of
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the original Q" type but also contain significant amounts of the other Q types, especially
those of type 0" or 0.

crystal glass

Ea@’® wollastonite glass

1% crystal glass

Figure 7. Simulation snapshots of amorphous calcium silicate glasses at 7 = 300 K: oxygen
atoms as red spheres; blue tetrahedra as silicate units; calcium atoms are not represented; selected
aggregates are highlighted. The bar-charts on the left represent the relative proportions of isolated
(Ol, blue) single-bonded (OS, red) and bridging (OB, green) oxygen atoms present in each glass
and corresponding crystal. The graphs on the right show the distribution of the silicate units

connectivity (Q° to 0*). The arrows indicate distribution shifts from crystal to glass.
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When the percentage of Q2 to Q4 units in a given system becomes significant (as in the
cases of the rankinite and wollastonite glasses) the existence of long chains with possible
branching implies the likely formation of cyclic silica structures. The evaluation of such
structures (namely the number and size of the rings with fewer members (irreducible) that
contain a given silica unit) is an important issue to consider when describing the
morphology of three-dimensional aggregates, as those prevalent in silica glasses.'” Figure
8 depicts the number density and distribution of irreducible rings in amorphous phases of
rankinite, wollastonite and pure silica. Amorphous silica is a three dimensional structure
composed exclusively of interconnected silica units. Therefore each silica unit can
participate simultaneously in different irreducible rings yielding a very high density of
irreducible cycles per silica unit (2.65). Moreover, most irreducible rings (almost 80%)
have relatively small sizes, between 5 and 7 silica units. The existence of those small and
interlocked cyclic structures can be related to the hardness and inertness of silica glasses.
In amorphous wollastonite calcium atoms replace half of the silica units present in pure
silica glass. Therefore, the original three-dimensional character of the silica network is
seriously fragmented and although most of the silica units belong to the same aggregate
that percolates the entire simulation box (cf. Figure 6 inset), the different strands must
include numerous interruptions (defects) caused by the calcium atoms. This causes a
huge decrease in the ring density (from 2.65 to just 0.14) and also a much larger
distribution in the size of the irreducible rings (Figure 8). Finally, in the case of rankinite
glass one can find small-to-medium sized aggregates (Figure 6) up to sizes of 60 silica

units, but no percolating very large aggregates. Most of those medium-sized aggregates
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are not branched (p(Q’)~ 9%, cf. Figure 8) and do not form cyclic structures. The

corresponding ring density is residual, below 0.01.

p(nring)

0.3
10

2652
0.2

0.1

0.0

ring

Figure 8. Probability distribution as a function of the number of cyclic silica structures present in
the amorphous models of rankinite (red), wollastonite (green), and silica glass (gray). The
numbers labeling each curve are the total number of irreducible rings present in each type of glass

per 1000 silica units.

Structure of the alumina-doped wollastonite phases

So far the discussion was centered on calcium silicate crystalline and amorphous phases.
However, we have developed the present force field parameterization also to include
calcium alumina crystalline phases and even gehlenite, a mixed calcium aluminosilicate
(C,AS) crystal (cf. Figure 1). The applicability of the force field to these different
structures and the results obtained for the calcium silicate amorphous phases led us to
extend our analysis to alumina-doped calcium silicate systems. As mentioned in the

introduction, this type of phases are generally present in common Portland cement
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clinkers since aluminum (and to a less extent iron) oxides are commonly added to the
limestone/clay mixture in order to lower the melting temperature of the mixture and to
modify the reactivity properties of the obtained clinker.

In order to test the impact of alumina addition on the structure of calcium silicate
amorphous phases, we have focused on what happens when a wollastonite amorphous
phase is doped with alumina. Our choice reflects the fact that wollastonite glasses exhibit
the most complex and developed silica network (percolating large parts of the
corresponding simulation boxes) among the studied calcium silica amorphous phases.
Figure 9 compares the aggregation distribution in the original wollastonite glass (green
lines in both Figures 6 and 9) with the corresponding distributions in wollastonite glasses
gradually doped with larger amounts of alumina (2.9, 5.9 and 9.1 mol %, purple, cyan
and orange lines, respectively). The trend is obvious: as more alumina is added to the
structure the size of the large percolating aggregates starts to decrease and the number of
smaller aggregates (from isolated silica units to small clusters with ns; = 5) increases.
This is consistent with the partial destruction of the silica network of the wollastonite
glass as more alumina “defects” are introduced in the system. It must be stressed that the
normal distributions of the larger aggregates were estimated based on the data of just a
few (5-6) independent simulation runs, which means that the corresponding Gaussian
curves —calculated via aggregate size averages and standard deviations— have some
associated degree of uncertainty. Nevertheless, the results show an unambiguous trend

towards less extended silica networks as the amount of alumina doping is increased.
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Figure 9. Probability distribution as a function of the number of silicon atoms of a given silicate
aggregate for amorphous models of pure wollastonite (green) and wollastonite doped with 2.9
(purple), 5.9 (cyan) and 9.1 mol % (orange) of alumina. The inset represents the probability of
finding large aggregates in the wollastonite systems. It was scaled 0.02x in the x-axis and 2x in

the y-axis relative to the main graph.

The presence of Al in CAS glass models studied with C/S = 1.5 and C/S = 1.0 induced
the formation of oxygen triclusters z4, although the quantitites found in the amorphous
are rather small. No g was detected in rankinite-type glasses with up to 2.9 mol % of
Al O3, while s amounts of 0.1% and 0.2% were detected in C;S;-like glasses with 5.9

and 9.1 mol % of Al,Os, respectively. In C/S = 1 glasses the oxygen tricluster fraction

increased from zero in the pure wollastonite glass to 0.02%, 0.1% and 0.3% with 2.9, 5.9
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and 9.1 mol % of alumina, respectively. Also, in all cases the major fraction of s found
was OAI,Si triclusters, followed by OAl; triclusters. The occurrence of isolated oxygen
atoms O; decreases with the increase of the Al content. In glasses with C/S = 1.5, O; is
reduced from 4 % in pure C;S, amorphous to ca. 1% in the rankinite glass with 5.9 mol
% of alumina. In wollastonite glasses, O; is lowered to ca. 0.5 % when the Al,O3 content
is increased to 5.9 mol %. Regarding the overcoordinated species °’Al, trace amounts of
0.04% appeared only in wollastonite-type glasses with compositions of 5.9 and 9.1 mol
% of ALLOs, suggesting that PJAl plays a minor role as network modifier in the studied
CAS amorphous phases. With respect to the silica/alumina network topology, the
combined results from MD simulations and the statistical distribution of Q"(mAl) units
given by the Loewenstein’s rule pointed out a decrease in Q' sites and an increase in
high-order Q" groups, namely O* and O’ units in amorphous materials with C/S = 1.5. In
C/S =1 glasses O species increased at the expense of low Q" units. The replacement of
low Q" groups by centers with high O"(mAl) values leads to a reduction in the number of
Onp, increasing the network stability of the amorphous phases. Also, low concentration of
Onp sites is associated with the stability of glasses against reaction with water, corrosion
and diffusivity. On the other hand, the incorporation of alumina in these amorphous
materials introduces new sites for hydrolysis reactions, as the number of the Al-O-Si and

Al-O-Al linkages increase.

Conclusions
The present work has shown for the first time that a simple and general force-field based
solely on a interionic potential with just two non-bonded interactions terms plus one

electrostatic term is capable to capture the most conspicuous structural and elastic
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features of different crystalline and amorphous phases present in a wide region of the the
lime-alumina-silica diagram.

The eight studied calcium silicate crystalline phases (alite, belite, rankinite, wollastonite
and corresponding polymorphs) exhibit striking differences in the arrangement of their
silica units within the crystalline lattices (from pure Q° connectivity in alite and belite to
Q' in rankinite and Q° in wollastonite) that are well modeled during the MD simulation of
each phase using the new general force-field parameterization. Moreover, the generated
radial distribution functions revealed that in the case of belite the three studied crystalline
forms are quite distinct from each other whereas in the cases of alite and wollastonite
such differences are much less pronounced.

The use of a general simple force field also allowed the direct comparison between the
structures of a given crystalline phase and the corresponding glass obtained by the rapid
quench of the high-temperature melt. The calculated radial distribution functions clearly
show the existence of silica clusters in all simulated glasses. The distribution and
connectivity of those clusters is highly dependent on the C/S ratio of each cluster and a
detailed and novel aggregate analysis revealed that, in the case of wollastonite, a silica
network containing most of the silica units present in the glass permeates the entire
system.

Finally the parameter transferability between calcium-silicate and calcium-aluminate
systems allowed us to perform simulations in wollastonite glasses doped with alumina.
The results show that the silica network present in pure wollastonite glass is partially

destroyed by the inclusion of alumina “defects”.
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The knowledge at an atomistic level of the structure of the silica network in lime-silica-
alumina systems and the ways it can be modified in amorphous materials or by the
inclusion of other structural units such as alumina is of vital importance for the future

formulation of new cement-clinker phases.
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