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Flexibility of C-S-H sheets and stacks from molecular simulations
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ABSTRACT

The flexibility of C-S-H solid sheets may play, as is the case of other phyllosilicates, an important role in the
structuration of “bulk” C-S-H. In this paper, we determine, for the first time to the author’s knowledge, the bending
modulus of tobermorite single sheets by the combination of molecular simulations and Kichhoff-Love plate theory.
Further, using the results for laminates, we compute the bending modulus of stacks of solid layers, which are a larger
structural unit in the nanotexture of phyllosilicates. Tobermorite single layers are more rigid than other phyllosilicates
such as montmorillonites and kaolinites. Our estimation of shear stresses within a stack of layers, confronted to the yield
strength of tobermorite computed by other authors, indicates that these stacks might exfoliate if the number of solid
layers exceeds few tens. Stacks of this thickness are quite rigid, which justifies the choice of rigid grains in mesocale
investigations of calcium silicate hydrates.
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1. INTRODUCTION

Phyllosilicates are a class of silicates structured in layers at the molecular scale. Clays and calcium silicate hydrates —
including both the crystalline minerals such as tobermorite or disordered C-S-H — are examples of these layered silicates.
Generally, in larger scales, other structural units are defined in order to understand the behavior of such materials. For
example, smectite clays layers often present stacked structures with few solid layers. Similarly, C-S-H is reported to
locally display an ordered (or stacked) structure. Mesoscale investigations of calcium silicates often refer to these ordered
domains as grains or particles. In such studies, a grain is represented as an individual rigid isotropic entity [1]. In the
case of clays, the flexibility of single layers or thin particles is reported to be one aspect leading to the macroscopic
cohesion of the material. This cohesion occurs since a layer may be a part of a stack in a given zone and, due to its
flexibility, be a part of another stack (i.e. a domain with another orientation and translational arrangement) in other zone.
The bending modulus of smectite layers has the order of magnitude of 10™"7 N.m [2], which corroborates the argument of
mixed entangled and stacked (Figure 1) nanotexture of some clays.

To date, to the knowledge of the authors, the flexibility of single calcium silicate hydrates sheets have not yet been
computed. This information is fundamental to validate the hypothesis of rigid C-S-H grain as well as to better understand
the microtexture of C-S-H. In this paper, following a strategy developed in a previous study applied to clays [2], we
compute the bending modulus of tobermorite by a combination of molecular simulations and thin plate and laminates
theory. We discuss the implications of the bending modulus in the configurations of calcium silicate single sheets and
stacks. These results go towards a better understanding of C-S-H structuration at sheet and grain scales.
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Figure 1. Extreme microtexture types of phyllosilicates: (left) brick-like or stacked (right) sheet-like or entangled
(adapted from Honorio et al.[2])
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2. MOLECULAR SIMULATION OF CALCIUM SILICATES

We simulate Hamid’s [3] structure of tobermorite 11 A with molar Ca/Si ratio of 1: Cag[SigO1s]. 2H,O. The average
Ca/Si ratio of C-S-H phases present in commercial cements ranges from 2.3 to 0.7, with compositional heterogeneities at
a scale of roughly 100 nm [4]. A molar Ca/Si ratio close to 1 is particularly relevant to applications in oil well cementing
[5]. Figure 2 shows the monoclinic (a = 6.69 A, b=7.39 A, ¢ =22.77 A and y = 123.49°) and pseudo orthorhombic cells,
as proposed by Hamid [3]. The latter cell, defined here according to directions A’ and B’, is taken as reference in the
computation of the elastic and bending modulus.

Among the different classical force fields applicable to C-S-H proposed in the literature, we choose CSHFF [6], which is
based only in (pseudo-ionic) non-bonded Lennard-Jones interactions for metal and metalloids while harmonic bonds are
only defined for water molecules and hydroxyls. We use the Lennard-Jones parameters, partial charges, angle and bond
harmonic parameters of CSHFF as presented in the supporting information of Qomi et al. [7]. CSHFF have been
extensively used in the computation mechanical properties of crystalline and disordered calcium silicates [8], which
indicates its transferability to the estimation of the flexibility of tobermorite layers. Calcium counterions are added to the
interlayer space in order to ensure the electroneutrality of the system. The partial charge of bridging oxygens are
adjusted, in the limits of modified CSHFF [7], to exactly compensate the charges of calcium counterions. At the end, the
surface change density of the tobermorite layer is -0.55 C.m™, which is close to the experimental value of -0.5 C.m™ [9].

The reference monoclinic cell of tobermorite is replicated 12 times in the direction of a or b unit vector, in order to
generate a thin layer so that thin plate theory can be applied. Figure 2 displays the resulting thin layer for both in-plane
directions in an orthographic view with respect to A’ and B’ directions. The aspect ratio of the simulated layers are
L/L,=0.0702 (direction A’) and L./L,= 0.0636 (direction B’). The simulations are performed with LAMMPS [10] in
the canonical ensemble (NVT) at 0.1 K with Nosé-Hoover thermostat. Since only the solid layer is considered, the
temperature is deemed to not significantly affect the elastic properties. Moreover, with a temperature close to 0 K, the
configurations energetically near the ones minimizing the potential energy of the system are sampled. A cutoff distance
of 10 A is adopted for short-range dispersive interactions and Ewald's summation method with accuracy of 10~ for forces
is employed with long-range electrostatic interactions. Simulations were run with periodic boundary conditions. To
reduce the influence of periodic images on the behavior in ¢ direction, 4 nm were added to the length of the simulation
box in that direction.

A simulation point (for a given in-plane direction) is obtained by applying a displacement &; = &;.; + A3, with A5 = 0.1 A,
imposed at the distance of one-quarter from each edge of the simulation box, as shown in Figure 2. For each
displacement the system was equilibrated during 20 ps and sampled during 10 ps. The final configuration with
displacement §; was used as the initial configuration for d;.;. The elastic free energy of bending W; was determined from
the difference between the potential energy at relaxed state U, and potential energy U; associated to ;. Five different
configurations were tested, in order to account for the influence of the position of counterions. For each configuration, Ca
ions were randomly located in the interlayer space of original supercell before replication. The standard deviation in the
free elastic energy of bending is provided with respect to these 5 simulations. The interlayer water and its likely screening
effect is neglected, as previously done before in investigations of clay layers flexibility [11].

x=-L/2 x=-L/4 x=L/4 x=L/2

Figure 2. Snapshot of the structure of Hamid’s [3] 11 A tobermorite with Ca/Si = 1. The vectors a, b and ¢ of the monoclinic cell and
the directions A’ and B’ of the pseudo orthorhombic cell (considered hereafter in the simulations) are shown. Ca counterions are
depicted as gray spheres; O atoms are red sticks, H white sticks, Si yellow tetrahedron, Ca (within the solid) green spheres.
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3. RESULTS
Bending modulus of a single layer

The bending modulus of a thin plate can be computed by means of the test in Figure 2 (right) with the formula [2]:

W /N3
P.=5() % 0
where L is the length of the layer in a direction and § is the imposed displacement in the flexion test of Figure 2. We
assume 1) smooth bending (the position of neighboring atoms remains correlated through bending), 2) orthogonal section
remaining straight and orthogonal to the mid-plane, 3) constant thickness of the layer and 4) infinitesimal deformation.
Figure 3 shows the elastic free energy of bending obtained by molecular simulation. Similar smooth curves fitting a
quadratic law are found for clays [2]. Possible structural changes induced by the displacement § are not observed to the
displacements § up to 2 A. In this case, the bending modulus would be displacement dependent. With these results and
Eq. (1), we estimate bending moduli reflecting the average flexural behavior for displacements up to 2 A. The obtained
bending moduli (Table 1) are one order of magnitude larger than the bending modulus estimated for other phyllosilicates
such as montmorillonite (1.87-2.02 x 10™"7 N.m) or kaolinite (0.51-0.73 x 10" N.m)[2].

The in-plane Young modulus in a direction a can be computed from the bending modulus and the effective “mechanical”
thickness h of the layer by [12]:

12(1-v?)

Eq = Dy=

2
Table 1 gathers the estimations of Young modulus. Two effective thickness are considered: (1) hy=12.0 A, corresponding
to the distance between the center of outmost atoms in each external surface after relaxation; and (2) h,=15.44 A,
corresponding to the previous distance plus twice the van der Waals radius of oxygen. The estimations with h;=15.44 A
are closer to the values of Young moduli obtained by other techniques. For the sake of comparison, we also determined
the in-plane coefficients of stiffness tensor through fluctuation formula of Parrinello-Rahman [13]:
kpT -1

Cijui = (‘,;’m [(Sijgkl)NPT - (fij)NPT(Sij)NPT] 3)
where k;, is the Boltzmann constant, T is the temperature, V is the volume, {.)ypr is the average operator in the
isothermal-isobaric (NPT) ensemble, and g j is the strain tensor. For a ftriclinic simulation box,
&j = %[(h& l?k)th,tdhlmha =6 j], with hy ;; and h;,being the components of cell matrices in the reference and deformed
states, respectively; and §;; is the delta of Kronecker. The Young modulus can be computed from the in-plane
components of stiffness tensor by Cj;;; = E;/(1 — v?), assuming that the in-plane Poisson ratio of calcium silicate
hydrates v, = vp, = v = 0.3 [6]. Shahsavari et al. [6] computed, by first principles methods, the full stiffness tensor of
Hamid’s tobermorite with Ca/Si = 1 and obtained (after rotation to our reference frame) 122.36 and 19.26 GPa in A’ and
B’ direction, respectively. The in-plane elastic moduli of tobermorite are similar to the ones of other phyllosilicates (e.g.
circa 250 GPa for montmorillonite or 150-200 GPa for kaolinite [2]). The estimations of the elastic modulus of
tobermorite, obtained from different techniques, are in reasonable agreement for the purposes of this study. Note that the
bending modulus scales linearly with E,, and bending moduli with the same order of magnitude might lead to similar
implications. On the other hand, the bending modulus scales with h® (Eq. 2). The larger thickness of tobermorite solid
layers explains most of the higher bending modulus when compared to other phyllosilicates (for example, hg is circa 9.15
A for montmorillonite and 7.3 A for kaolinite [2,14]).
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Figure 3. Elastic free energy for flexion test in A’ and B’ directions. The red curve is the fitted harmonic potential.
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Table 1. Bending and Young moduli in A’ and B’ directions.

Direction Bending Young modulus (GPa) from | Young modulus (GPa) with Eq. 2
modulus fluctuation formula (Eq. 3) — 1 — 1
(10"7 N.m) with NPT simulation hs=12.00 hs=15.44
A’ 4.68 +1.74 269.0 £ 67.8 295.5 138.7
B’ 1.42+0.91 54.8+13.8 89.5 42.03

Bending modulus of a stack of layers

The bending modulus of a stack of layers can be estimated by assuming a laminate of solid layers intercalated with a
fluid phase. The behavior of confined fluids in nanopores differs from the behavior of bulk fluids: in some cases, solid-
like and glassy behaviors are reported [15,16]. This aspect can be taken into account by associating an elastic shear
bearing behavior to the confined fluid. The overall bending modulus of the stack, reads [2]:

h/2
DPy = [ 2% Cagaa()dz 4)

Let the total thickness of the stack be defined by h = N.hg + (N — 1)(< e > —h,), with N being the number of solid
layers and < e > being the average basal spacing. It can be shown [2] that DP, scales with N3. The basal spacing

associated to the most pronounced energy well in face-to-face configurations is 22.8 A for C-S-H according to Bonnaud
et al. [17]. Figure 4 shows the bending modulus of a stack according to the number of solid layers with < e > =22.8 A.
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Figure 4. Bending modulus of a stack as a function of the number of solid layers for each in-plane direction A’ and B’.

An estimation of the shear stresses along the thickness of the laminate can be computed by [2]:

L2 (v2u,) [ 2E(z)dz (5)
(1-v?%) ox z

sz(z) = -

where u, is the out-of-plane displacement according to a given load. Figure 5 (left) displays the average t,, over half
laminate (from x=0 to L/2), for a loading distributed load f as depicted in Figure 5 (right). With this loading, the shear
stresses reach a maximum (in absolute values) at x = +L./4 and z = 0. The average shear stresses can be compared to the
yield strength, associated to shear deformation of tobermorite layers. The yield strength of tobermorite and disordered C-
S-H, obtained by molecular simulations [18], are 5.8 and 16.1 GPa, respectively. These values are three orders of
magnitude larger than the ones reported for montmorillonite layers [19], which is a reflect of the strong cohesion of
calcium silicate layers. The yield strength represents the maximum shear stresses that can be supported by the inter-layer
fluid in a stack of layers without exfoliation. Our estimation indicates that even very long tobermorite particles (L > 500
nm) and with more than roughly 10 solid layers might not exfoliate under vigorous stirring (f in the order of 1 to 100
KPa). It is necessary to reach a load f in the order of the MPa in order to observe “mechanical” exfoliation of stacks
with L =500 nm; and f in the order of a few tens of MPa, for stacks with with L =50 nm.

Compared to other phyllosilicates, such as smectites, tobermorite single layers are more rigid and tobermorite stacks
exceeding few tens of solid layers are less prone to exfoliation. Thus, the resulting texture is more susceptible to present
larger coherence lengths (i.e. a more “brick-like” structuration as in Figure 1 left) than clays’. Stacked textures present
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larger porosity and open texture [20]; being, therefore, more permeable. Taking u, = L as the limit of high deformability
of a sheet, it can be shown that the critical load (homogeneous with a pressure) to induce a large deformation has the
order of magnitude of fy., = D?,/L*> =~ D,N*/L*. With few tens of layers, the critical load is in the order of 100 MPa
for L = 100 nm and approximates of the GPa with L tending to few tens of nanometers.

10000 -

D
=
3 100t ¢ L=100nm
[
10+
5+ Slope: 2 B L=50nm
2 3 5 10 15 20 . -
Number of solid layers, N [—] x=-L2  x=-LH x=LM x=L12

Figure 5. Average shear stresses in a half-length (from x=0 to L/2) of the laminate, as a function of the number of layers, for the
loading depicted at the right with f= 1 kPa, represent a moderate solution stirring.

Colloidal simulations of C-S-H mesostructure, in general, assume isotropic grains with a particle size distribution ranging
from only a few nanometers [1] up to a few tens of nanometers [21]. With these dimensions, the particles are indeed
behaving in a rigid way. The nanostructure of calcium silicates is, though, anisotropic locally. Sheet-like (2D) and fibril-
like (1D) morphologies are often associated to calcium silicates [4]. The in-plane dimensions of C-S-H (2D) sheets
ranges in general from 30 to 60 nm [22]. So, with single sheets, a slight bent configuration may appears. Aged or heat-
cured samples are reported to present fibrils being several micrometers long and more than 100 nm thick (i.e. roughly N
= 100) [23]. The 1D character of the fibrils, however, favors bending in the thinner dimension. Moreover, bending may
be responsible to some of the orientational order (not necessarily associated to translational order) observed in some
samples over lengths of circa 100 nm [23]. The flexibility of calcium silicates can be, therefore, a fundamental aspect in
the nanotexture of these materials.

4. CONCLUSIONS

In this paper, we provided, for the first time to the author’s knowledge, the in-plane bending modulus of tobermorite,
which may serve as a first indication of the flexural behavior of calcium silicates in general. We employed Hamid 11 A
structure with molar Ca/Si = 1. The obtained bending moduli are larger than the bending moduli of other phyllosilicates,
notably due to the larger effective thickness of tobermorite single layers. Further, we provided estimations of the bending
moduli of stacks of layers, which is one of the structural units defining the nanotexture of many phyllosilicates. The
computation of the shear stresses within the stack reveals that exfoliation might occur only for stresses in the order of a
MPa with long stacks. These results indicate that the resulting texture is prone to present larger coherence lengths when
compared to clays. The order of magnitude of the bending modulus, however, does not exclude the existence of bent
configurations of long single sheets or long stacks of few layers.
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