Construction and Building Materials 233 (2020) 117237

journal homepage: www.elsevier.com/locate/conbuildmat

Contents lists available at ScienceDirect

Construction and Building Materials

=
Construction
and Building

Nano-engineering of the mechanical properties of tobermorite 14 A with = m)

Check for

graphene via molecular dynamics simulations

B. Al-Muhit, F. Sanchez *

Department of Civil and Environment Engineering, Vanderbilt University, PMB 351831, 2301 Vanderbilt Place, Nashville, TN 37235-1831, USA

HIGHLIGHTS

« Graphene enhanced the in-plane tensile strength, stiffness, and toughness of tobermorite.

« More strengthening of graphene when interfacing with water than with solid surfaces.

« Strengthening ascribed to molecular friction with water between graphene-tobermorite surfaces.
« Influence of the interface characteristics on the mechanical behavior revealed upon loading.

ARTICLE INFO ABSTRACT

Article history:

Received 4 June 2019

Received in revised form 23 September
2019

Accepted 12 October 2019

Available online 28 October 2019

The tensile and shear properties of tobermorite 14 A-based structures reinforced with a single graphene
sheet (GS) interfacing with either the surface water, octahedral calcium, or tetrahedral silicate layer were
investigated using molecular dynamics simulations. The GS contributed to a significant increase in the
XY-plane tensile (180%-360%) and shear (90%-225%) strengths, stiffness, and toughness while degrading
the out-of-plane properties of the tobermorite structures. The water interface promoted molecular fric-

tion (intermolecular forces) and resulted in greater in-plane fracture tensile strength and toughness but a
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lower shear toughness than when the GS interfaced with the dry solid surfaces.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Cement-based materials are inherently weak in tension. While
nano- and microscale fiber reinforcements have been the method
of choice for enhancing the material tensile properties by bridging
cracks and improving the material load transfer capacity [1], this
approach primarily addresses the material tensile property at the
macroscale composite level rather than building on the molecular
nature of the cement hydrates. Calcium silicate hydrate (C-S-H) is
the main binding cement hydrate responsible for the tensile prop-
erties of cement-based materials [2]. Nanotechnology offers the
opportunity for the development of new C-S-H nanocomposites
[3,4]. Nano-engineering of C-S-H through the grafting of
graphene-based materials can be a viable option for enhancing
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the tensile capacity of cement-based materials. A literature review
on research progress of graphene reinforced cement-based com-
posites can be found in [5].

While experimental techniques, including atomic force micro-
scopy and nanoindentation mapping, are capable of studying the
mechanical properties of cement phases [6,7], these techniques
provide microscale information from which nanoscale behavior
must be deduced, and no molecular level detail of the internal,
cohesive forces are obtained. Molecular dynamics (MD) modeling
provides a useful tool for understanding atomistic scale, reinforc-
ing mechanisms and tuning the mechanical properties of C-S-H.
MD has been successfully used to investigate the structural and
mechanical properties of C-S-H at the molecular scale, including
its tensile and shear strengths [8-12]. MD studies of the mechani-
cal response of C-S-H with embedded carbon nanotubes, gra-
phene, and graphene derivatives have been recently reported in
the literature [13-18]. While factors such as calcium to silicon
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(Ca/Si) ratio, connectivity of the silicate chains, non-bridging oxy-
gen sites, and hydrolytic reactions have been found to influence
the interactions between C-S-H and graphene derivatives
[12,14,19], little is known, however, about the possible influence
of the interface composition and structure on the strengthening
mechanisms and mechanical properties of reinforced C-S-H
nanocomposites. Yet, the formation of multiple interfaces with dif-
ferent chemistry and structures between graphene and C-S-H are
expected in cement systems as a result of heterogeneous nucle-
ation and growth of C-S-H on the graphene surface [20]. Different
S-H phases will have different interactions with the graphene sur-
face through distinct interfaces that contribute simultaneously to
the overall mechanical properties of carbon-reinforced cements.
However, the determination of the individual contribution of these
multiple interface interactions cannot be performed experimen-
tally. Therefore, understanding the relationship between the sur-
face structure of idealized C-S-H interfacing with graphene and
the mechanical properties of the reinforced system is key to being
able to realize new C-S-H nanocomposites and enhance the
mechanical properties of cement-based materials.

MD simulations were used in this study to investigate the
tensile and shear properties of tobermorite 14 A (T4)-based
models for C-S-H reinforced with a single graphene sheet (GS).
T4 has been shown to present structural similarity with C-S-H
phases that have low Ca/Si ratios (less than 1) [2]. While other
C-S-H phase models with variable Ca/Si ratios have been
recently proposed as more realistic models [12,21,22], the goal
here was to wunderstand the effect of different, well-
characterized and defectless interface structures on the mechan-
ical properties of GS reinforced C-S-H nanocomposites. T4 is a
layered structure that consists of calcium polyhedral layers with
infinite silicate chains of the wollastonite-type that are con-
nected on both sides. The layered structure of T4 allowed for
the study of three well-defined structures with different, well-
defined surfaces that could interface with the GS, resulting in
three chemically different C-S-H-graphene interfaces: the sur-
face water-GS interface, the octahedral calcium layer-GS inter-
face, and the tetrahedral silicate layer-GS interface.
Additionally, T4 allowed for understanding the mechanical
response of the nanocomposite under the most pristine condi-
tions (i.e., silicate chains with no defects). Compared to C-S-H
with defective calcium silicate chains, the infinite connectivity
of the silicate chains in the T4 structure has been shown to be
responsible for a large plastic response in the post failure stage
[10,23]. The defectless T14-GS interfaces thus provided a blue-
print for understanding the strengthening mechanisms of gra-
phene along the basal planes of the C-S-H and the influence
of the surface structure of C-S-H interfacing with graphene on
the mechanical properties. It should, however, be noted that
the C-S-H phase exists in the form of nanocrystallites (~5 nm
in size) and that, in any real situation, the mechanical properties
of carbon-reinforced cements would be controlled not only by
the graphene interactions with the planar basal surfaces, but also
with various other faces of the C-S-H nanocrystallites, including
their edges. Stress—strain responses, strain energy densities, elas-
tic and shear moduli, bulk moduli, and the direction dependence
of the elastic modulus and linear compressibility were deter-
mined for the pristine T4 and GS reinforced T4 systems. The
results revealed a greater in-plane strengthening effect of the
GS when interfacing with water than with either of the solid sur-
faces (i.e., calcium or silicate surfaces), which was ascribed to the
enhanced molecular friction caused by intermolecular forces
with water between the GS and the Tq4 structure. This work pro-
vides new insights into the mechanism of nanoscale mechanical
reinforcement of graphene cement composites and other gra-
phene reinforced matrix composites.

2. Computational details
2.1. Simulation models and computational cells

Three T;4-based C-S-H models and three nanocomposites of T4
reinforced with GS were constructed from the primary skeleton of
the Tq4 structure. The T4 structure contained octahedral calcium
layers sandwiched between tetrahedral chains and surface and
interlayer water (Fig. 1) and provided for three possible tober-
morite-graphene interface structures along the basal plane in
which the GS was interfaced with the surface water, the octahedral
calcium layer, and the tetrahedral silicate layer.

2.1.1. Graphene sheet (GS)

The GS was modeled using the Visual Molecular Dynamics
(VMD) software package [24]. The zigzag (ZZ) and armchair (AC)
edges of the GS were oriented along the Cartesian coordinate axes
X [100]and Y [0 1 0] directions, respectively (Fig. 2a). The GS was
22 A x 28 A in size and consisted of 252 sp? hybridized carbon (C)
atoms in a hexagonal ring pattern. The C-C bond distances and ~ZC-
C-C angles were 1.418 A and 120°, respectively. The thickness of
the GS was 3.35 A.

2.1.2. Tobermorite 14 A-based models for C-S-H

The monoclinic T4 structure described by Bonaccorsi et al. [25]
was used as the initial model to create T,4-based structures with
three types of exposed surfaces (i.e, water, octahedral calcium,
and tetrahedral silicate chains) to interface with the GS. The unit
cell of T14 was built using MOLTEMPLATE software [26]. The T4
unit cell consisted of 124 atoms per unit cell with space
group symmetry of B11b and had a calcium to silicon (Ca/Si) ratio
of 0833 and lattice parameters a=6.735A, b=7.425A,
c=27.987 A, o = $=90°, and y = 123.25°. An occupancy factor of
1.0 was used in this work for the water molecules, resulting in a
water to silicon ratio of 1.66. A full site occupancy was chosen to
study the effect of the extreme case of water occupancy in the
Tq4 structure on the reinforcing effect of graphene. The tensile
strength of graphene oxide reinforced C-S-H composites has been
shown in the literature to be influenced by the presence of water
[18].

The Tq4 structure with the exposed water layer surface (T?j{
structure) was created by replicating the T;4 unit cell in the
X-, Y-, and Z-directions 4 x 4 x 1 times to form the T{y supercell
(Fig. 2b). The Ty4 structure with the exposed octahedral calcium
surface (T$3 structure) was created by deleting the topmost water
layer and silicate chains of the original T4 unit cell. To uphold the
periodicity of the T4 unit cell, the resulting unit cell was mirrored
along the negative Z-direction to account for the removal of the
layer from the top, resulting in a unit cell with a water to silicon
ratio of 1.58. The resulting unit cell was then replicated along
the X-, Y-, and Z-directions 4 x 4 x 1 times to form the TS super-
cell. The Tq4 structure with the exposed tetrahedral silicate surface
(Tﬂ{ structure) was created by stripping off the topmost layer of
water molecules from the original T4 unit cell, resulting in a water
to silicon ratio of 1.5. The resulting unit cell was then replicated
4 x4 x 1 times to form the T}4 supercell. The simulation boxes
of all Ty4-based systems were then changed from monoclinic to
P1 triclinic symmetry before being interfaced with the GS to allow
for the box dimensions to change during the MD simulations. The
lattice parameters of the systems became parallel to the triclinic
box dimensions after invoking periodicity, resulting in T4-based
models with dimensions of 26.94 A x 27.50 A along the X- and
Y-directions and 29.53 A, 27.77 A, 28.05 A along the Z-direction

for TSy, T¢, and T3k, respectively.
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Fig. 1. (a) and (b) Layered crystal structure of tobermorite 14 A (Ty4). (c) Silicate tetrahedra chain along the X-, Y-, and Z-directions. [For clarity, structures are shown without

water molecules in (b) and (c)].

2.1.3. T14/GS nanocomposite models

To create the different T14/GS nanocomposites, the triclinic
Tq4-based structures were interfaced with the GS. The nanocompos-
ite with the GS interfacing with the surface water (T3 /GS nanocom-
posite; Fig. 3a) was constructed by placing the GS at a distance of 4 A
below the (0 0 1) plane of the TS} supercell with the ZZ edge of the
GS oriented along the X-axis and the AC edge oriented along the Y-
axis. Similarly, the nanocomposite with the GS interfacing with
the octahedral calcium layer at the (0 0 1) plane (T$%/GS nanocom-
posite; Fig. 3b) and the nanocomposite with the GS interfacing with

the tetrahedral silicate layer at the (0 0 1) plane (T}/GS nanocom-
posite; Fig. 3c) were constructed by placing the GS at a distance of
5A above the exposed octahedral calcium surface of the T
supercell and the tetrahedral silicate surface of the T5% supercell, respec-
tively, with the ZZ edge of the GS oriented along the X-axis and the AC
edge oriented along the Y-axis. The resulting computational cells had
dimensions of 26.94 A x 27.50 A x 35 A and contained a total of 2236
atoms for the T9/GS nanocomposite, 1856 atoms for the T$¥/GS
nanocomposite, and 1904 atoms for the TS“ 4 /GS nanocomposite.
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GS interfacing with the tetrahedral silicate layer at the (0 0 1) plane (T5%/GS nanocomposite).

2.2. Force field

The Consistent Valence Force Field (CVFF) was employed for the
simulation of the GS [27]. The CVFF has been previously shown to
properly represent the tensile and shear properties of graphene
and carbon nanotubes [18,28,29] and has been used in the study
of the interactions of graphitic structures with tobermorite and
aqueous solutions [30,31]. The C-C bond interaction of the GS
was simulated with the Morse potential [32]. The angle bending,
torsion, and improper interactions were simulated using the har-
monic parameters of the CVFF. The partial atomic charges, non-
bonded and bonded interactions among the T4 atoms were simu-
lated using the Clay force field (ClayFF) [33,34], which relied on the

flexibility of coulombic interactions between the interacting atoms
to represent bonding. The ClayFF was developed to study the struc-
tural and dynamic properties of hydrated and mineral systems
[33-37] and has been successfully used to study the mechanical
and elastic properties of clay-based minerals and clay-based
nanocomposites [37-41]. While using the ClayFF has been
reported to generally reproduce well the out-of-plane elastic con-
stants and overpredict the in-plane elastic properties of cement-
related phases [37,38,42-44], in this study, the response of the
GS was dominant in the T;4/GS nanocomposite systems and an
overprediction of the elastic properties of the T4 systems was thus
considered to have a minimal effect on the elastic properties of the
overall nanocomposites. In addition, while ClayFF cannot capture
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chemical reactions, hydrolytic reactions during loading of the
T14/GS systems (i.e., formation of silanol, Si-O-H groups and cal-
cium hydroxyl, Ca-O-H groups as Si-0-Si or Si-O-Ca bonds break
during loading) were considered to play a minimal role as it has
been reported in the literature that water dissociation in graphene
oxide reinforced C-S-H with low Ca/Si ratios (less than 1) was
minimal for strain less than 0.4 [14] as was the case in this study.
The interactions among the carbon atoms of the GS and T4 atoms
were modeled using the Lennard-Jones (L]) potential [45]. The
values of the CVFF and ClayFF parameters are provided in the
Supplementary material, Section S1.0.

2.3. Equilibration

All MD simulations were performed using LAMMPS, an open-
source MD simulation software [46]. The pristine T4 systems
(ie., T%, TS, and T}:) and the T;4/GS nanocomposites (i.e., Ty/
GS, T{*/GS, and T3%/GS) were energy minimized at 0 K using the
conjugate gradient method to reduce the excess pressure build-
up during the geometry setup. The pristine T4 systems and T4/
GS nanocomposites were then equilibrated for 1 ns and 500 ps,
respectively, at 300K and 0atm, using NPT (fixed number of
atoms, pressure, and temperature) ensemble conditions. The
Nosé-Hoover thermostat and barostat were used for temperature
and pressure control of the systems with 100 fs and 1000 fs damp-
ing constants, respectively [47,48]. The neighbor cut-off distance
for the interacting atoms was 5A, and the neighbor list was
updated every timestep. The long-range coulombic interactions
were computed in the reciprocal space by the Particle-Particle-
Particle-Mesh (PPPM) solver. The short-range coulombic interac-
tions between atoms were calculated as:

1 qq;

l},coul _ .
dney 1

(1)

where ¢; and g; are charges on atoms i and j, € is the permittivity of
the vacuum (8.85419 x 107" F/m) and r; = |r; —rj| is the inter-
atomic distance. The short-range van-der-Waals (vdW) interaction
was computed by the Lennard-Jones (L]) potential using:

woae[9)- )] ®

where ¢ is the depth of the potential well (kcal mol~1), ¢ is the dis-
tance (A) at which the potential was zero, and r is the interatomic
distance (A). The Lennard-Jones (LJ) and coulombic cut-off distances
were 12 A and 10 A, respectively. The interactions between unlike
atoms were calculated using the Lorentz-Berthelot mixing rules
[49,50]. The time integration was performed using the velocity-Ve
rlet algorithm. All simulations were performed using a 1 fs time-
step. Periodic boundary conditions in the X-, Y-, and Z-directions
were used for all systems.

2.4. Loading methods and MD simulations

Three different loading modes were used: (i) in-plane uniaxial
tension along the X- and Y-directions (ZZ edge and AC edge of
the graphene sheet, respectively for the nanocomposites), (ii)
out-of-plane uniaxial tension along the Z-direction, and (iii) shear
loading in the XY plane (perpendicular to the interface with the GS
for the nanocomposites) along the X-direction. To simulate the
loading and ensure an equal deformation pathway and uniform
stress distribution, atoms at opposite edges of the T4 systems or
T14/GS nanocomposites and within 3 A from the edge were con-
strained while subjected to in-plane tensile (atoms along the direc-
tion of stretching) and shear forces (top and bottom atoms) and
within 4 A (top and bottom atoms) for out-of-plane (Z-direction)

tensile loading. A strain rate of 1 x 10> %fs” was used for all load-
ing modes. This strain rate was within the typical ranges used in
the literature [51-53]. While stretching in one direction, the pres-
sure in the other two directions was kept at zero to allow for the
Poisson’s effect. The time integration of the systems was per-
formed under the NPT conditions for tensile loading and NVT (fixed
number of atoms, volume, and temperature) conditions for shear
loading.

2.5. Data collection and analysis

The atomistic stress was calculated from the Virial stress theo-
rem [54] considering both the potential and kinetic energy terms.
The time-averaged engineering stress was output every 500 fs and
plotted against the corresponding strain to obtain the stress-strain
(o — &) curve of each system. The strain energy densities per unit
volume for tensile (I") and shear (IT) were calculated by integrating
with the trapezoidal rule to obtain the area under the correspond-
ing stress—strain curve from a strain of 0.0 to the fracture strain.
The strain energy density was used as an indirect indication of
the fracture toughness of the systems.

The intrinsic (equilibrium, zero strain) elastic stiffness con-
stants (Cy;) and effective (i.e., during the elastic loading stage) elas-
tic stiffness constants (C§’) of the systems were computed in the
isothermal-isobaric ensemble (NPT) for the normal constants (Cj
and C§, where i=j=1, 2, 3) and the canonical ensemble (NVT)
for the shear constants (C; and Cf}ff, wherei=j=4,5,6). The system
under consideration was displaced from its equilibrium position at
0.0 strain (intrinsic elastic constants) or from its position at 0.025
strain (effective elastic constants) to a specified strain, & (j = X, Y),
and equilibrated for 5000 fs (long enough to reach stress conver-
gence). The collected stress data, o; (i =X,Y), were then time-
averaged to get one ¢; point. The method was repeated for five val-
ues of ¢ from —0.01 to+0.01 with 0.005 strain increment (i.e.,
—0.01, —-0.005, 0, 0.005 and 0.01) for the intrinsic constants and
three values of & from 0 to 0.05 with 0.025 strain increment (i.e.,
0. 0.025, and 0.05) for the effective constants. The C; and C§ were
then calculated from the slope of the o; — ¢ plot. This method
(known as the direct method [28,55-57]) was used to obtain all
independent intrinsic (Cy) and effective (cgff) constants of the elas-
tic tensor for all systems. While the triclinic T4 systems have
twenty one (21) independent C; and cgff, the normal-shear cou-
pling elastic constants (C; and C§, where i#j, and i=1, 2, 3,
j=4,5, 6) were approximately zero compared to the normal and
shear elastic stiffness constants. The orthorhombic symmetry with
nine (9) elastic constants (including normal, shear, and normal
coupling constants) was thus assumed for both the T4 systems
and T4/GS nanocomposites. The Born mechanical stability criteria
were calculated to check for the mechanical stability of all systems
[58,59]. The compliance tensor was calculated by inverting the
stiffness matrix, S = C"'. The compliance tensor (S) was then used
to calculate the elastic moduli (E), shear moduli (G), bulk moduli
(x), volume compressibility (3,) and linear compressibility ().

3. Results and discussion
3.1. Stress-strain response

3.1.1. In-plane uniaxial tensile loading

The GS significantly increased the in-plane (X- and Y-directions)
fracture tensile strength and strain of the T4 systems (Fig. 4). For
all T14/GS nanocomposites, greater in-plane fracture tensile
strength and strain were observed for loading in the X-direction
compared to the Y-direction as a result of the orientation of the
ZZ and AC edges (along X- and Y-directions, respectively) of the
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Fig. 4. Stress-strain response under in-plane tensile loading: (a) and (b) stretching along the X-direction of Ty4 systems and T;4/GS nanocomposites, respectively and (c) and

(d) stretching along the Y-direction of T4 systems and T;4/GS nanocomposites, respectively. [T% : T;4 structure with exposed water layer surface; TS%:

Cap .
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interfacing with the octahedral calcium layer of Ty4; T54/GS: GS interfacing with the tetrahedral silicate layer of Ty4].

GS in the T14/GS nanocomposites. The GS is more stretchable in the
ZZ direction, whereas it breaks earlier (lower strain and stress)
when stressed in the AC direction because of the bonding arrange-
ments of the hexagonal graphene lattice [28]. The GS increased the
in-plane failure stress of the T4 systems by as much as 180% and
145% in the X- and Y-directions, respectively.

Ti4 systems. The in-plane results for the pristine T;4 systems
(Fig. 4a and c) showed overall good agreement with atomistic stud-
ies reported in the literature in the X- and Y-directions with a
greater in-plane fracture tensile strength in the Y-direction than
in the X-direction as a result of the silicate chain of the T4 systems
running parallel to the Y-direction (greater linear density in that
direction). The in-plane fracture tensile strength of the T4 systems
was 2.8 GPa, 2.2 GPa, and 2.3 GPa for T2, TS, and T;:, respec-
tively, in the X-direction and 3.1 GPa, 4.5 GPa, and 4.9 GPa, respec-
tively, in the Y-direction, which compared well with simulation
values reported in the literature that ranged from 3 to 4.5 GPa
[9,60]. The differences observed in the in-plane fracture tensile
strength between the T4 systems were due to structural differ-
ences in their crystal structure assembly with respect to the posi-
tion of the silicate tetrahedral layer, calcium octahedral layer, and

interlayer water within the structure (different representative vol-
ume elements, RVE) and were consistent with the water to silicon
ratio of the structures (greater ratio, i.e. more water molecules, for

T9y, resulting in a lower tensile strength parallel to the silicate
chain). The chemical composition of tobermorite and C-S-H struc-
tures has been shown experimentally to affect the atomic packing
density of the structure [61]. In addition, the amount of water
molecules in the C-S-H structure has been reported, using molec-
ular modeling, to influence its tensile strength with a lower
strength seen with increasing amount of water [62]. After fracture,
all T4 systems exhibited a plastic regime that was attributed to a
local structure rearrangement with internal displacements and
rotations of the atoms in the silicate tetrahedral and calcium octa-
hedral layers as a result of the infinite connectivity of the silicate
chains, thus allowing the systems to continue to withstand strain.
A similar plastic response in the post failure stage of in-plane ten-
sile loading has been reported in the literature for tobermorite and
C-S-H with low Ca/Si ratios (i.e., more polymerized and less defec-
tive silicate chains) [12,23].

T14/GS nanocomposites. The in-plane tensile stress—strain response
of the T;4/GS nanocomposites (Fig. 4b and d) was similar to that
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observed in fiber-matrix composites with lamellar formation [63]
and exhibited three main regimes: (i) an elastic regime in which
the stress increased quasi-linearly with the strain as T4 and the
GS shared the stress up to the failure of the Ty, matrix (regime
Ry); (ii) a regime in which the GS controlled the stress-strain evo-
lution of the nanocomposite and was capable of bearing the
increasing strain without any bond breaking (GS loading regime,
Res:); and (iii) a post failure plastic regime (regime R,). After failure
of the T4 matrix and as the stress within the T;4/GS nanocompos-
ites increased, internal displacements of the atoms in the silicate
tetrahedral and calcium octahedral layers became more promi-
nent, resulting in disordered layers. Meanwhile, the GS provided
a crack bridging mechanism, thus allowing the nanocomposites
to maintain overall structural integrity until fracture of the GS.
Figs. 5 and 6 illustrate the failure stages of the T% /GS nanocompos-
ite during tensile loading along the X- and Y-directions, respec-
tively, showing (i) displacement of atoms in the calcium
octahedral and silicate tetrahedral layers, (ii) breaking of bonds
between tetrahedral silicon and oxygen atoms (Si;—O) and between
interlayer calcium and bridging oxygen in tetrahedra (Ca,,~Ops),
and (iii) the crack path and separation of the structural layers. Sim-
ilar failure stages were seen for the TS /GS and T5/GS nanocom-
posites. At the fracture of the GS, the silicate tetrahedral and
calcium octahedral layers were critically damaged and had then
no capacity to support further loads. At that point, the T;4/GS
nanocomposites failed abruptly and the stress then went to a plas-
tic plateau. The strengthening effect of the GS, however, still
existed even though the GS had ruptured. The T14/GS nanocompos-
ites showed fracture tensile strengths and strains that were as
much as 360% and 260% in the X-direction and 180% and 110% in
the Y-direction greater, respectively, than that of the T4 systems
without the GS reinforcement.

The evolution of the Si,~O and C-C bond lengths as a function
of strain along the X- and Y-directions (Fig. 7, shown for the
TPy /GS nanocomposite) further illustrated the strain transfer from
the Tq4 structure to the GS with an initial rapid increase in the
Si—O bond length followed by a gradual decrease that was
accompanied by a sharp increase in the C-C bond length for
stretching along the X-direction and to a lesser extent along the
Y direction (only type II bonds were involved during stretching
along X while two type I bonds participated during stretching
along Y). It also further confirmed the role played by the Si.-O
bond stretching in the existence of residual stress in the post fail-
ure plastic regime. Analysis of the number of Si,—~O bonds broken
(Fig. 8) revealed a lower number of broken bonds with increasing
strain for the nanocomposite with the GS interfacing with the
surface water (T?X/GS) compared to the nanocomposites with
the GS interfacing with the calcium and silicate surfaces
(TS /GS and T5%/GS). This lower number of broken Si~O bonds
within the T?;{/GS nanocomposite became apparent only after
failure of the T9y matrix when the GS took control of the

stress—strain evolution and suggested a different flow of stress
within this nanocomposite. A lower number of broken Si,—O
bonds was also observed for the pristine T% structure compared
to the T$* and TS¢ structures. The water layers within the
T?f{ structure were thought to have hindered the propagation of
stress across the structure (three water layers within the RVE of
the Ty system versus two water layers within the RVE of the
T% and T§4 systems). Overall, a lower number of broken bonds
was seen for loading in the Y-direction compared to loading in
the X-direction because the stress during loading in the
Y-direction was transferred through the bridging oxygen, which
could twist and rotate upon loading, thus preventing bond breaking.

The GS exhibited more apparent in-plane strengthening effect
when interfacing with water than with either of the solid surfaces

(i.e., calcium or silicate surfaces). The TSy /GS nanocomposite with
the GS interfacing with the bottom surface water (water interface)
exhibited the highest fracture tensile strengths (13.2 GPa in the X-

direction and 8.4 GPa in the Y-direction). In contrast, the T%/GS
nanocomposite with the GS interfacing with the octahedral cal-
cium layer (calcium interface) and the Tfi; /GS nanocomposite with
the GS interfacing with the tetrahedral silicate layer (silicate inter-
face) had lower in-plane fracture tensile strengths (9.8 GPa and
9.7 GPa, respectively, in the X-direction and 6.8 GPa and 5.8 GPa,
respectively, in the Y-direction). The greater fracture strength seen
with the water interface was attributed to the interaction of the
water with the GS as confirmed by the local stress distribution at
the GS surface. The GS interfacing with water demonstrated the
highest local stress distribution compared to that of the GS inter-
facing with the calcium and silicate surfaces (Fig. 9). The water
molecules at the surface of the T4 structure increased the inter-
molecular forces (i.e., molecular level frictional forces, the forces
acting between the molecules of two different surfaces) with the
GS most likely because of their preferential orientation in the con-
fined space created by the interface with the GS, which has been
reported in the literature to increase the water viscosity [64]. As
a result, viscous interfacial water dominated and increased the sur-
face friction, thus leading to a greater strength development of the
overall nanocomposite than that seen when the GS interacted with
the dry, solid surfaces (i.e., calcium and silicate surfaces) with no
mediating water. By analogy, the behavior seen at the water-GS
interface was similar to that occurring when water increases the
friction between someone’s finger and a sheet of plastic. Molecular
level, water mediated friction versus dry friction at solid interfaces
has been the focus of numerous studies [65-68] and enhanced fric-
tion forces with water have been reported at graphene/copper and
graphene/mica interfaces [67,69].

The effect of the structure of the dry solid surface (calcium vs.
silicate) interfacing with the GS was apparent only in the Y-
direction (parallel to the silicate chain) with the lowest fracture
strength obtained for the nanocomposite with the GS interfacing
with the tetrahedral silicate layer. It was hypothesized that the
structure of the octahedral calcium layer as an ordered zigzag
sheet (corrugated surface) caused greater molecular friction with
the GS than that of the tetrahedral silicate layer, which was more
prone to twisting and rotating, thus resulting in a lower strength
development for the nanocomposite with the silicate interface
than that with the calcium interface. Overall greater local stresses
at the GS surface were observed for the calcium interface com-
pared to the silicate interface (Fig. 9).

3.1.2. Out-of-plane tensile loading

The in-plane GS reinforcement of the Tq4 structures did not
show a strengthening of the structures along their weakest direc-
tion, i.e. the direction orthogonal to the interlayer water region
(Z-direction). On the contrary, the presence of the GS along the
basal plane caused a loss (as much as 47% reduction) in the out-
of-plane tensile strength capacity of the T4 structures (Fig. 10).

T4 systems. The out-of-plane fracture tensile strength of the T4
structures in the Z-direction was controlled by the weak mechan-
ical strength of the interlayer water region and was influenced by
the relative position of the different layers through which the
stress was transferred (Fig. 11). The fracture and separation of
the structures occurred at the interlayer water region from the
breaking of the bonds connecting the calcium-silicate layers (i.e.,
bonds between bridging oxygen from the silicate chains and the
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Fig. 5. Failure stages of the nanocomposite with the GS interfacing with the bottom surface water of the tobermorite 14 A (TS} /GS nanocomposite) during in-plane tensile
loading along the X-direction: (a) after relaxation to equilibrium but before tensile loading (unstrained conditions); (b) at failure of the tobermorite 14 A (T;4) matrix; (c) at
fracture of the graphene sheet (GS); and (d) after separation of the structural layers. [For clarity, structures in insets are shown without water molecules].

interlayer calcium atoms, Op,—Ca,—Opes bridging bonds). The T4

structure with the exposed octahedral calcium surface (TS struc-
ture) showed the highest out-of-plane fracture tensile strength
(1.7 GPa) in the Z-direction (Fig. 10a) while that with the exposed
water layer surface (TS structure) had the lowest (1.1 GPa). The
innermost layer of the TS structure was composed of calcium
octahedral sandwiched by silicate tetrahedral chains thus provid-

ing the T structure with greater stress resistance (greater capa-

bility to take up load) in the Z-direction than the two other T4
structures (TSy and T5%) for which the innermost layer was com-
posed of the weak interlayer water region. For all structures, dur-
ing the separation process, the water molecules clustered within
the interlayer water region and formed a water molecule chain
connected by a dynamic hydrogen bond network (Fig. 11). Both
ends of this chain were attached to the interlayer calcium atoms
or bridging oxygen from the silicate chains, resulting in residual
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Fig. 6. Failure stages of the nanocomposite with the GS interfacing with the bottom surface water of the tobermorite 14 A (T?X /GS nanocomposite) during in-plane tensile
loading along the Y-direction: (a) after relaxation to equilibrium but before tensile loading (unstrained conditions); (b) at failure of the tobermorite 14 A (T;4) matrix; (c) at
fracture of the graphene sheet (GS); and (d) after separation of the structural layers. [For clarity, structures in insets are shown without water molecules].

stress characterized by a continued increase in strain capacity with
a flattening of the stress retained.

T14/GS nanocomposites. The presence of the GS as in-plane rein-
forcement had no strengthening effect on the T4 structures in
the Z-direction (out-of-plane) and, on the contrary, degraded their
out-of-plane tensile performance. The failure mode of the T;4/GS
nanocomposites under tensile loading in the Z-direction differed
significantly from that of the in-plane loading. The failure mode

of the nanocomposites with the GS interfacing with the surface
water and tetrahedral silicate layer (i.e., Ty/GS and T5%/GS) was
dominated by the failure of the interface between the T,4 structure
and the GS while that of the nanocomposite with the GS interfacing
with the octahedral calcium layer (i.e., T$>/GS) was controlled by a
failure within the Ty structure. For the T{y/GS and T54/GS
nanocomposites, the separation of the GS and T4 structure as a
result of the pulling in the Z-direction occurred at the interface
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Fig. 7. Evolution of tetrahedral silica-oxygen bond length and carbon-carbon bond length during in-plane tensile loading of the nanocomposite with the GS interfacing with
the bottom surface water of the tobermorite 14 A (T?} /GS nanocomposite): (a), (b) Si,.—O bond length and C-C bond length, respectively during stretching along the X-
direction and (c), (d) Si,—Op bond length and C-C bond length, respectively during stretching along the Y-direction.

with the GS rather than inside the bulk of the T4 structure and no
local separation within the Tq4 structure occurred (Fig. 11d and f).
The clean separation suggested that the surface water-GS interface
and tetrahedral silicate layer-GS interface were mechanically
weaker than the GS or the Ti4 structures. In contrast, for the
T$*/GS nanocomposite, the separation occurred inside the bulk
of the Ty4 structure with fracture of the interlayer water region
similar to that of the pristine system with no GS reinforcement
(Fig. 11e). In all cases, the T4 structures became elongated as the
interatomic bonds were stretched, and some structural water
molecules were seen to have migrated towards the interface with
the GS. At the peak stress, the Ty4 structures were lengthened in
the Z-direction by ca. 6% for the T% /GS nanocomposite, ca. 9% for
the T$%/GS nanocomposite, and ca. 2.4% for the T5:/GS nanocom-

posite. The greater elongation at peak stress seen for the Tff;’ /GS
nanocomposite indicated a greater resistance of this nanocompos-
ite to tensile loading in the Z-direction. An analysis of the number
of broken interlayer calcium-bridging oxygen in tetrahedra
(Ca,~Ops) bonds indicated that the T;4/GS nanocomposites with
the GS interfacing with the water and silicate surfaces had fewer
Ca,,—Op¢s bonds broken than the pristine Ty4 systems as strain

progressed (Fig. 12), while that with the GS interfacing with the
calcium surface demonstrated a similar number of broken Ca,,—Ops
bonds compared to its pristine counterpart (without GS reinforce-
ment). The evolution of the number of broken Ca,,—Os bonds was
consistent with the fact that the separation of the T$/GS
nanocomposite occurred at the interlayer water region versus at

the interface between the GS and the Ty4 structure for the T?j{ /GS

and T /GS nanocomposites.

The out-of-plane stress—strain evolution exhibited three main
regimes for all cases (Fig. 10b): (i) a strain hardening regime (Ry,)
in which the GS and the Tq4 structure pulled on each other and
the nanocomposites started to elongate; (ii) a strain softening
regime (R;) in which the stress was relaxed with increasing
strain as the nanocomposite separated at the fracture region;
and (iii) a separation regime (Rsep) characterized by the presence
of residual stresses. The nanocomposite with the GS interfacing
with the octahedral calcium layer (Tfj‘l“/GS) had a higher peak
tensile separation stress than the two other T;4/GS nanocompos-
ites (1.00 GPa versus 0.81 GPa and 0.78 GPa, for the nanocom-
posites with the GS interfacing with the water and silicate
surfaces, respectively) and also showed a greater fracture strain
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tetrahedral silicate layer of Tq4].

(0.11 versus 0.055 for both the T$yGS and T5%/GS nanocompos-

ites). This indicated that the T$¥/GS nanocomposite needed more
energy to fracture, due to a greater resistance to stress transfer
in the Z-direction for the T4 structure with the exposed octahe-
dral calcium surface (Tﬁ” structure) compared to the other
T4 structures, thus lowering the stress concentration at the
interface with the GS and increasing the stress concentration
within the interlayer water region. In contrast, the T;4/GS
nanocomposites with the GS interfacing with the water and sil-
icate surfaces showed similar stress development with increasing
separation due to the similar organization within the structure
of the different layers through which the stress was transferred.
For the T%/GS and Tfi{/GS nanocomposites, after separation of
the GS and T;4 structures, a small residual stress could be seen
as a result of the migration of the water molecules out of the
Tq4 structures, forming collective hydrogen bond networks (i.e.,
T 4~water-water—[...]-water hydrogen bonds such as in
Fig. 11) that interacted with the GS through repulsive van der

Waals forces. For the T$%/GS nanocomposite, no more residual
stress could be seen beyond a strain of 0.2.

3.1.3. Shear loading in the XY plane along the X-direction

Only shear loading along the X-direction (i.e., zigzag direction of
the GS and the direction perpendicular to that of the running sili-
cate chains) was examined because it was the T4 structures’ weak-
est direction and the GS’s more stretchable direction.

The GS significantly contributed to the fracture shear strength
of the T14/GS nanocomposites (Fig. 13). The T14/GS nanocomposites
exhibited fracture shear strengths that were 90% to 225% greater
than that of their respective, pristine T;4 systems without the GS
reinforcement. The greatest enhancement of the fracture shear
strength was seen for the Ty /GS nanocomposite with the GS inter-
facing with water while the smallest shear strength development
was seen for the T5%/GS nanocomposite.

The response of the T;4/GS nanocomposites to shear loading in
the XY plane was influenced by the molecular friction forces
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developed at the interface between the T4 structures and the GS.
While all the T;14/GS nanocomposites reached a similar fracture
shear strength at fracture (4.9-5.3 GPa), the TSy /GS nanocomposite
with the GS interfacing with water exhibited a much lower fracture
strain than the two other nanocomposites. During shear deforma-
tion, the TS /GS nanocomposite displayed a more rapid build-up in
shear strength, which resulted in an earlier fracture (i.e., at a lower

strain) of the GS than observed for the T{*/GS and T5t/GS

nanocomposites. The GS in the T$¥/GS nanocomposite failed
abruptly before the failure of the Ty, structure, resulting in a brittle
fracture of the nanocomposite, followed by a subsequent plastic
behavior. Even after failure, the T;4 structure was able to withstand
some of the load. The plastic behavior was attributed to the inter-
nal displacements and rotations of the atoms in the silicate tetra-

hedral and calcium octahedral layers of the T4 structure. The
water molecules at the surface of the T4 structure were thought
to have promoted molecular friction with the GS, building up stres-
ses at the surface of the GS that were greater than the GS intrinsic
capability to resist friction, thus causing the GS to fail at a strain
lower than its intrinsic fracture shear strain and before the failure
of the T4 matrix. The water molecules rotated during shear to
release stress because of their reduced mobility (confined space
of the interface) and the hydrophobic effect of the GS (entropy-
driven), thus ripping the GS. In contrast, for the nanocomposites
with the dry solid surfaces (calcium and silicate) interfacing with
the GS, the shear stress initially increased at a lower rate, and
the nanocomposites exhibited a more gradual failure. The shear
strain caused distortion of the tetrahedral and octahedral sheets
of the T4 matrix, in addition to #C-C-C angle bending and
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Fig. 10. Stress-strain response for out-of-plane (Z-direction) tensile loading of (a) T14 systems and (b) T14/GS nanocomposites. [T?j;’: T4 structure with exposed water layer
surface; T$3: Ty4 structure with exposed octahedral calcium surface; T34: T4 structure with exposed tetrahedral silicate surface; TS /GS: GS interfacing with the bottom

surface water of Ti4; T{3/GS: GS interfacing with the octahedral calcium layer of Ta; Tfi;/GS: GS interfacing with the tetrahedral silicate layer of Ty4].

C-C-C-C dihedral bending of the GS. The shear stress increased
initially due to the load being shared by both the T4 structure
and the GS up to failure of the T4 structure at which point the
stress increased gradually due to the GS loading regime and plastic
behavior of the T4 structure until failure of the GS, which occurred
at its intrinsic fracture shear strain (i.e., ca. 0.321 [28]). The inter-
action energy as a function of shear loading was 2-3 times greater
(more negative) for the water interface compared to the calcium
and silicate interfaces (Fig. 14), which was consistent with the
higher rate of strength development and greater molecular friction
forces exerted by the water molecules on the GS compared to that
with the dry solid surfaces (calcium and silicate). As discussed in
section 3.1.1, the role of water in enhancing molecular friction
between two surfaces has been reported in the literature
[66,67,69,70].

3.1.4. Strain energy density

The strain energy density indirectly measured the toughness of
the T14/GS nanocomposites. The GS significantly enhanced the in-
plane tensile and shear toughness of the T4 systems, providing
the nanocomposites with a greater resistance to fracture. The
strain energy densities of the T14/GS nanocomposites were ca. 3—
18 times greater under in-plane tensile loading and ca. 3-5 times
greater under shear deformation than their respective T4 systems
with no GS reinforcement (Table 1). Under in-plane tensile loading,
the T14/GS nanocomposites showed a greater resistance to fracture
in the X-direction (strain energy density ca. 2 times greater than in
the Y-direction) contrary to the T4 systems with no GS reinforce-
ment that showed a greater resistance to fracture in the Y-
direction (direction of greater linear density of atoms). This result
was primarily attributed to the large fracture shear strain of the GS
[28,71,72] and demonstrated the role of the GS orientation (the
most stretchable direction of the GS was along the X-direction)
in controlling the tensile toughness of the nanocomposites.

The influence of the water interface versus dry solid interface
on the Ti4/GS nanocomposite toughness was apparent with a

greater strain energy density under tension for the TS$Y/GS

nanocomposite with the GS interfacing with water and a lower
strain energy density under shear compared to the nanocompos-
ites with the dry solid surfaces (calcium and silicate) interfacing
with the GS. This behavior correlated with greater molecular fric-
tion forces promoted by the water interface and was in agreement
with a similar effect of liquid interfaces reported in the literature
[67,69]. The in-plane tensile strain energy density of the T3y /GS
nanocomposite with the GS interfacing with water was ca. 1.3
times greater in the X- and Y-directions than that of the nanocom-
posites with the GS interfacing with the calcium and silicate sur-
faces. The shear strain energy density of the Ti4/GS
nanocomposites with the GS interfacing with the calcium and sil-
icate surfaces was approximately twice that of the nanocomposite
with the water interface.

In contrast, under out-of-plane (Z-direction) tensile loading, the
in-plane GS reinforcement led to a lower resistance to fracture of
the nanocomposites with the GS interfacing with the water and sil-
icate surfaces (strain energy densities ca. 3 and ca. 4 times lower,
respectively) and similar resistance to fracture for the nanocom-
posite with the GS interfacing with the calcium surface as a result
of the weak interaction of the GS with the T4 systems.

3.2. Elastic moduli, shear moduli, bulk moduli, and linear
compressibility

3.2.1. In-plane elastic and shear moduli

The in-plane elastic behavior of the T4 systems was affected by
the differences in the stacking and exposure of the calcium, silicate,
and water layers within each structure at equilibrium. These differ-
ences in structural layer build-up (different representative volume
elements, RVE) affected the initial local stress distribution at equi-
librium within the structures and resulted in higher stiffness and
elastic anisotropy of the T4 structures with the exposed calcium
and silicate surfaces (TS and TS, respectively) compared to the

T14 structure with the exposed water surface (T$y), which exhib-
ited a smaller stiffness and similar intrinsic, in-plane elastic mod-
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Fig. 11. Separation stage of T4 systems and T14/GS nanocomposites during out-of-plane tensile loading along the Z-direction: (a) T4 structure with exposed water surface
(T9y); (b) Ty4 structure with exposed octahedral calcium surface (TS%); (c) Ti4 structure with exposed tetrahedral silicate surface (T5%); (d) nanocomposite with the GS
interfacing with the bottom surface water of T14 ('l?z |/GS); (e) nanocomposite with the GS interfacing with the octahedral calcium layer of T14 (Tf;‘;’ |/GS); and (f) nanocomposite

with the GS interfacing with the tetrahedral silicate layer of T4 (Tﬂ;/GS).

ulus values in all directions (ca. 49 GPa), indicating that the Ty
structure was elastically quasi-isotropic (Fig. 15a). The most elastic
anisotropy was seen for the T4 structure with the exposed calcium
surface with the greatest intrinsic stiffness along the 45-225° and

135-315° (i.e,, (1 10) family) directions and the lowest intrinsic
stiffness along the X-direction. The intrinsic elastic modulus values
of the T4 systems ranged from 48.9 to 66.7 GPa in the X-direction
and 49.0-74.0 GPa in the Y-direction, which compared well overall
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interfacing with the octahedral calcium layer of T14; T?Z/GS: GS interfacing with the
tetrahedral silicate layer of T4].

with values from atomistic studies that range from 25.0 to
69.0 GPa [9,12,51-53,73-78] but were, however, higher than
experimental values obtained from nanoindentation of low and
high density C-S-H, which range from 18.2 to 41.5 GPa [79-84].
The higher values from the MD simulations were consistent with
the nanoscale size, defect free structure, and infinite silicate chain
length of the T,4.like C-S-H models compared to real experimental
systems.

The GS enhanced the intrinsic (equilibrium, zero strain) in-
plane elastic modulus of the T4 systems by a factor of ca. 2 while
decreasing (i.e., flattening) the out-of-plane elastic modulus of the
Tq4 systems as seen from the 3-dimensional, disk-shaped region of
the directional elastic modulus values in Fig. 16. The GS interacted
weakly in the [00 1] direction with the T4 matrix via van der
Waals interaction, which was responsible for the small out-of-
plane elastic modulus of the T;4/GS nanocomposites. The GS
imparted the higher stiffness to the T;4/GS nanocomposites while
the T4 matrix imparted elastic anisotropy as seen by the deviation
from the circular shape of the directional intrinsic elastic modulus
(Fig. 15b). The T14/GS nanocomposite with the GS interfacing with
the tetrahedral silicate surface exhibited the most elastic aniso-

Table 1

tropy with a greater value lobe of the intrinsic elastic modulus
(greatest stiffness) along the Y-direction and the lowest intrinsic
elastic modulus value (lowest stiffness) along the 45-225° and
135-315° (i.e,, (110) family) directions. The greater stiffness in
the Y-direction was the combined result of the AC direction (stiffer
direction) of the GS and running silicate chain of the T4 matrix
(greater linear density) along the Y-direction.

The influence of the interface between the T;4 matrix and the
GS on the in-plane elastic modulus of the nanocomposites was
revealed upon loading by a change in stiffness behavior that was
accompanied by a reduction in the nanocomposite elastic modulus
(Fig. 15b and c). The non-linear behavior of the elastic modulus as a
function of strain resulted in an effective modulus that was lower
than the intrinsic modulus (i.e., modulus at equilibrium before
loading). During the elastic loading stage, the effect of the GS rein-
forcement was controlled by the stiffness of the GS and the inter-
actions between the GS and the T4 matrix. Similar effective in-
plane elastic modulus values were seen in all directions for each
respective nanocomposite, indicating that upon loading, the
nanocomposites became elastically quasi-isotropic (Fig. 15c).
Under load, a greater reduction in the elastic modulus (i.e., stiff-
ness) was seen in all directions for the nanocomposites with the
calcium and silicate interfaces compared to that of the nanocom-
posite with the water interface, resulting in a greater effective elas-
tic modulus (i.e., effective stiffness) for the nanocomposite with
the water interface and lower but similar effective elastic modulus
values for the nanocomposites with the calcium and silicate inter-
faces with respect to their respective intrinsic values. During load-
ing, the surface friction between the water molecules and the GS
were thought to have dominated, thus leading to a greater stiffness
of the nanocomposites compared to that seen when the GS inter-
acted with the dry, solid surfaces. The decrease in stiffness for
the nanocomposites with the calcium and silicate interfaces rela-
tive to their respective intrinsic stiffness (i.e., at equilibrium before
loading) was attributed primarily to a reorientation of the atoms
within the T;4 matrix occurring during loading.

Like for the in-plane elastic modulus, the GS increased the shear
modulus of the T4 systems (Fig. 17). The influence of the interface
between the Ty4 matrix and the GS was apparent for the nanocom-
posites with the GS interfacing with water. While the T4 system
with the exposed water surface exhibited a lower shear modulus
compared to the T4 systems with the exposed calcium and silicate
surfaces because of a higher water content within the structure,
the GS reinforced nanocomposite with the water interface (i.e.,
Ty /GS) showed the highest shear modulus, demonstrating the
prominent effect of the water interface and molecular friction
forces during shear loading. In contrast, the nanocomposites with
the GS interfacing with the calcium and silicate surfaces (i.e.,
T$%|GS and T$/GS) had similar shear modulus values.

3.2.2. Bulk moduli and linear compressibility
A greater bulk modulus (resistance to compression) and thus
lower volume compressibility were observed for the T4 system

with the exposed water surface (T%) while a lower bulk modulus

Strain energy densities of the T4 systems and T;4/GS nanocomposites calculated from the tensile (in-plane and out-of-plane) and shear stress-strain responses.

Systems Tensile (I'), X (x10° ] m~3) Tensile (I"), Y (x10° ] m~3) Tensile (I), Z (x10° ] m~3) Shear (IT), XY (x10° ] m~3)
9 0.139 0.194 0.079 0.148
TG 0.090 0.287 0.072 0.186
TS 0.096 0.239 0.107 0.239
9 /GS 2.020 1.050 0.026 0.473
TS IGs 1.525 0.781 0.074 0.845
0.029 0.877

T5/Gs 1520 0.837
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Fig. 15. 2D plots of the directional in-plane elastic modulus: (a) intrinsic elastic
modulus of the T4 systems, (b) intrinsic elastic modulus of the T;4/GS nanocom-
posites, and (c) effective (elastic loading stage) elastic modulus of the Ti4/GS
nanocomposites. [T?‘,W: Ti4 structure with exposed water layer surface; Tfj": Tia
structure with exposed octahedral calcium surface; Tfi‘;: T4 structure with exposed
tetrahedral silicate surface; TSy /GS: GS interfacing with the bottom surface water of
Ti4; TS /GS: GS interfacing with the octahedral calcium layer of Ty4; T5/GS: GS
interfacing with the tetrahedral silicate layer of Ty4].

and thus greater volume compressibility were observed for the T4
system with the exposed calcium octahedral surface (T$%)
(Table 2). These differences in bulk modulus values were attributed
to their differences in crystal structure assembly (i.e., stacking of
the octahedral calcium, tetrahedral silicate, and water layers),
which was consistent with results reported in the literature using
high-pressure synchrotron X-ray diffraction [85] that indicated
that the bulk modulus of tobermorite 14 A was dominated by the
incompressibility (i.e., stiffness) of the structure in the Z-
direction. The bulk modulus value of the T4 system with the
exposed water surface (34.0 GPa) compared well with values
reported in the literature from atomistic modeling and experi-
ments that range from 33.7 to 47.8 GPa [73-76,84-86]. The low
value of the bulk modulus seen for the T;,4 system with the exposed
octahedral surface (30.1 GPa) was thought to be due to structural
defects in the silicate chain caused by the removal of the top sili-
cate layer.

The GS reduced the bulk modulus of the T4 system with the
exposed octahedral calcium and tetrahedral silicate surfaces (by
ca. 15% and 9%, for the T$*/GS and T /GS nanocomposites respec-
tively; Table 2). The weak out-of-plane stiffness of the GS was
thought to be responsible for the decrease in the bulk modulus.
In contrast, for the nanocomposite with the GS interfacing with
the water (TSy /GS nanocomposite), the GS did not reduce the bulk
modulus of the nanocomposite because of the presence of the con-
fined water molecules at the interface with the GS, which provided
stiffness in the Z-direction of the nanocomposite (the out-of-plane
stiffness was greater for the T$¥/GS nanocomposite with the water

interface than the T$*/GS and T$/GS nanocomposites with the
solid interfaces).

The linear compressibility was affected by the amount of water
within the T4 matrix and the structure of the interface between
the T14 matrix and the GS (Fig. 18).

A greater compressibility in the Y-direction was observed for
the T;4 matrix that had the highest water content (i.e., T{y with a
water to silicon ratio of 1.66). In contrast, the T4 systems with
the exposed calcium and silicate surfaces had less water and more
solids (i.e., water to silicon ratio of 1.58 and 1.5 for T{> and TSk,
respectively) and were thus less compressible along the direction
of the running silicate chains. A strong anisotropy of the linear
compressibility was observed for the T4 matrix with the exposed
octahedral calcium surface (T$3) with a greater compressibility
along the X-direction and lower compressibility along the Y-
direction, as shown from the high value lobes along the X-
direction (Fig. 18a). There was, however, no significant spatial
dependence of the linear compressibility in the XY-plane (i.e.,
quasi-circular shape) for the T4 systems with the exposed water
and tetrahedral silicate surfaces (i.e., T% and TS, respectively).
The anisotropy in linear compressibility for the T$3 matrix resulted
from its structural differences in the crystal structure assembly
compared to the base Ty, structure (i.e., Ti4 system with the
exposed water surface, T) that were more prominent than for

the T4 system with the exposed tetrahedral silicate surface (Tﬁi{).

The GS significantly reduced the intrinsic (equilibrium, zero
strain) linear compressibility of all Ty4 systems by ca. 45% in all
directions of the XY plane by providing stiffness (the GS possesses
extraordinary stiffness in both the ZZ and AC directions and a very
low compressibility with a value of 0.00084 GPa~' [28]). The
spatial dependence of the intrinsic linear compressibility of the
T14/GS nanocomposites, however, remained conserved (i.e., similar
shape of the directional compressibility than their respective pris-
tine systems with no GS reinforcement), indicating that the linear
compressibility was modulated by the structure of the T4 systems.
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T,,/GS T, = tobermorite 14A
GS = graphene sheet
i =1{0,,Ca, Si}
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Fig. 16. 3D plots of the directional intrinsic elastic modulus of (a), (c), and (e) tobermorite 14 A (T14) systems with the exposed water layer (TS ), octahedral calcium (T5%),
and tetrahedral silicate surfaces (Tﬂ; ), respectively and (b), (d), and (f) graphene sheet (GS) reinforced tobermorite 14 A nanocomposites with the GS interfacing with the
bottom surface water of T14 (T$y /GS), octahedral calcium layer (T$% /GS), and tetrahedral silicate layer (T5%/GS), respectively.

Under load (strain of 0.025), the T;4/GS nanocomposites exhib- nanocomposite intrinsic compressibility at zero strain. The linear
ited a change in their compressibility behavior (Fig. 18c) that was compressibility of the nanocomposites increased due to the
accompanied by an increase in compressibility relative to the increase in bond lengths during loading of the calcium octahedral
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GS = graphene sheet
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Fig. 17. Shear modulus for applied load in the XY plane along the X-direction for
the T4 systems and T14/GS nanocomposites. [T%{: T4 structure with exposed water
layer surface; Tfj": T4 structure with exposed octahedral calcium surface; Tﬂ{: Tia
structure with exposed tetrahedral silicate surface; T?Z /GS: GS interfacing with the
bottom surface water of Ti4; T{3/GS: GS interfacing with the octahedral calcium
layer of Tq4; Tﬂ{ |/GS: GS interfacing with the tetrahedral silicate layer of Tq4].

Table 2
Volume compressibility and bulk moduli for the T;; systems and Ti4/GS
nanocomposites.

Systems Volume Compressibility g, (GPa™") Bulk Modulus x (GPa)
T 0.029 34.0
TS 0.033 30.1
TS 0.031 324
T%/GS 0.028 35.0
TS /GS 0.039 25.6
TSt /GS 0.034 29.6
Notations:

T9y: Tya structure with exposed water layer surface.

Tff;': T4 structure with exposed octahedral calcium surface.
Tfi‘;: T4 structure with exposed tetrahedral silicate surface.

T4 /GS: GS interfacing with the bottom surface water of Tya.
TC:" /GS: GS interfacing with the octahedral calcium layer of Ty4.
T3 /GS: GS interfacing with the tetrahedral silicate layer of Ta.

and silicate tetrahedral chains in the T4 matrix and carbon bonds
in the GS. The nanocomposite with the GS interfacing with the
octahedral calcium surface (i.e., T$%/GS nanocomposite) showed
the most significant change in compressibility behavior. While
the T$3/GS nanocomposite exhibited at zero strain its lowest com-
pressibility in the Y-direction, during loading, its compressibility in
that direction was significantly increased. The linear compressibil-
ity of the Tﬁ" /GS nanocomposite became then relatively indepen-
dent of the direction (quasi-circular shape of the directional

(a) Intrinsic (zero strain) compressibility of T,

180°

270°

(b) Intrinsic (zero strain) compressibility of T,,/GS
90°

Tfj“’/GS
Pr
TCau A
180° ﬂLH / GS

TGS
B

270°

(¢) Effective (loading) compressibility of T,,/GS

90°

less compressible

=T~ 0.015
T9v /GS

- L

Cao
180° ,Bf"' /GS

T3t /GS
B

270°

Notation:

ﬂLTli4 /G8 B, = linear compressibility (GPa!)
T,, = tobermorite 14A
GS = graphene sheet
i = {Ow’ Cao’ Slt} [o 10

O,, = water interface [ ! [110]
[100]

Ca, = calcium interface

Si, = silicate interface
Fig. 18. 2D plots of the directional linear compressibility: (a) intrinsic linear
compressibility of the T;4 systems, (b) intrinsic linear compressibility of the T;4/GS
nanocomposites, and (c) effective (elastic loading stage) linear compressibility of
the T;14/GS nanocomposites. [T?z: T4 structure with exposed water layer surface;
Tff,”: T4 structure with exposed octahedral calcium surface; T?i;: T4 structure with
exposed tetrahedral silicate surface; T{y /GS: GS interfacing with the bottom surface
water of Tyg4; Tf;‘{’/GS: GS interfacing with the octahedral calcium layer of Tq4; Tii‘; /
GS: GS interfacing with the tetrahedral silicate layer of Tq4].
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linear compressibility). This change in compressibility behavior
during loading demonstrated the influence of the structure of the
interface between the T4 matrix and the GS. It was thought that,
upon loading, the corrugated surface of the T4 system with the
octahedral calcium surface (i.e., zigzag structure of the octahedral
calcium layer) became flatter (i.e, stretching of the octahedral cal-
cium chain) thus becoming more compressible.

4. Conclusions

The mechanical properties of tobermorite 14 A-based structures
reinforced with a single graphene sheet interfacing with three
well-defined surfaces (i.e., bottom water layer, octahedral calcium
layer, and tetrahedral silicate layer) were studied. The graphene
sheet contributed to a significant increase in the XY-plane tensile
and shear strengths, stiffness, and toughness of the tobermorite
14 A-based structures. In-plane fracture tensile and shear
strengths of the reinforced nanocomposites that were 180% to
360% and 90% to 225% greater, respectively, than those of the
tobermorite 14 A-based structures without the graphene sheet
reinforcement as well as intrinsic in-plane elastic moduli that were
twice that of the pristine structures could be realized. In contrast,
the graphene sheet decreased the out-of-plane tensile strength
capacity, stiffness, and bulk modulus of the tobermorite 14 A-
based structures because of the weak interaction of the graphene
sheet with the structures. The influence of mediating water at
the interface with the graphene sheet versus dry solid surfaces
and of the structure of the solid surfaces (i.e., ordered octahedral
calcium zigzag sheet versus tetrahedral silicate chain) on the over-
all nanocomposite behavior was revealed. The graphene sheet
exhibited more apparent in-plane strengthening effect when inter-
facing with water than with either of the solid surfaces (i.e., cal-
cium or silicate surfaces). The confined water molecules
interfacing with the graphene sheet promoted surface friction dur-
ing tensile and shear loading, thus leading to a greater fracture ten-
sile strength, faster rate of shear strength development, and greater
toughness under in-plane tensile loading but lower shear tough-
ness compared to the nanocomposites with the dry, solid surfaces
(calcium and silicate) interfacing with the graphene sheet. The
results further demonstrated the role of the matrix structure in
modulating the in-plane stiffness and linear compressibility of
the nanocomposites at zero strain and the dominant role of the
graphene sheet and interface between the graphene sheet and
the matrix upon loading.
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