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ABSTRACT: Nanoscale contact mechanisms, such as friction,
scratch, and wear, have a profound impact on physics of
technologically important particulate systems. Determining the
key underlying interparticle interactions that govern the
properties of the particulate systems has been long an
engineering challenge. Here, we focus on particulate
calcium−silicate−hydrate (C−S−H) as a model system and
use atomistic simulations to decode the interplay between
crystallographic directions, structural defects, and atomic
species on normal and frictional forces. By exhibiting high material inhomogeneity and low structural symmetry, C−S−H
provides an excellent system to explore various contact-induced nanoscale deformation mechanisms in complex particulate
systems. Our findings provide a deep fundamental understanding of the role of inherent material features, such as van der Waals
versus Coulombic interactions and the role of atomic species, in controlling the nanoscale normal contact, friction, and scratch
mechanisms, thereby providing de novo insight and strategies for intelligent modulation of the physics of the particulate systems.
This work is the first report on atomic-scale investigation of the contact-induced nanoscale mechanisms in structurally complex
C−S−H materials and can potentially open new opportunities for knowledge-based engineering of several other particulate
systems such as ceramics, sands, and powders and self-assembly of colloidal systems in general.
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■ INTRODUCTION

Understanding interparticle interactions and nanoscale contact,
such as nanoscale friction, scratch and wear, are among the key
scientific and technological challenges associated with the
physics of particulate systems. A fundamental understanding of
this subject requires decoding the intricate chemomechanical
coupling of well-defined interfaces with single-asperity con-
tacts.1−3 In this context, two views are proposed for treating the
single-asperity contact at the atomic scale.4,5 The first view
assumes the tip as one single entity as in single-asperity laws of
contact in the continuum theories. The second view belongs to
an atomistic understanding of contact that treats every atom in
the interface as a discrete unit whose collective behavior is
interpreted in relation to multiasperity contact theories. This
latter view was instrumental to explain the breakdown of
continuum theories for single-asperity nanoscale contacts, for
example, the contact of an amorphous carbon tip on
diamond.5,6

Nanofriction is another important interparticle interaction
that may arise from the sliding of two (or more) particles.
While probing such interactions is experimentally quite difficult
at the level of a few nanometers, molecular dynamic (MD)
simulations of single-asperity contacts provide an alternative to
understanding the detailed nanoscale mechanisms and
interactions involved in nanoscale friction.4,7,8 As an example,
MD simulations at 0 K on sliding of rough deformable surfaces

at different sliding speeds and surface roughness showed that
friction increases with roughness and, due to surface flattening,
it reduces to nearly zero after repetitive sliding.8 A similar study
illustrated that, while temperature has minimal effect when
dealing with noncommensurate lattice alignments with limited
adhesion, friction in adhesive, commensurate contacts tends to
decrease with increasing temperature.9

As a particular class of nanofriction problems, scratch and
wear phenomena at contacts of nanometer size have received
considerable attention in the community.10−12 An analytical
relation between atomistic contact area and pileup-driven
coefficient of friction was recently developed and verified with
large-scale MD simulation.13 Scratch simulation tests per-
formed on samples of crystalline specimens (SiC and Cu)
showed an increase in the value of scratch hardness with depth
of cut, owing to dislocation pileup ahead of sliding.11,12 Quite
recently, it was shown that the scratch test could be used as a
tool to determine the fracture toughness of a material via the
theory of linear elastic fracture mechanics (LEFM).14,15 The
fracture toughness extracted from scratch experiments on a
wide range of materials from polymers to metals and ceramics
was shown to be in close agreement with conventional test
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results.14,16,17 However, given the material inhomogeneity and
atomic-scale nature of interactions, there is no unified
understanding of the detailed mechanism involved in nanoscale
contact. The problem is essentially unexplored for structurally
complex systems where different atomic species make up the

interfacial interactions. For instance, what is the role of each
atom type on interparticle interactions and thus integrity of the
particulate systems? Are there ways to tune the intrinsic
material features at the level of individual particles through the
knowledge of surface contact?

Figure 1. (a) An atomic force microscopy image of the surface of a particulate hydrated cement paste.20 The nanogranular structure of the hydrated
cement paste consists of particles with structures close to the amorphous-like C−S−H (b) and the crystalline tobermorite (c).

Figure 2. (a) Variation of the binding energy and the normal force between the tobermorite tip and substrate. Normal force between the tip and
substrate (black line) is obtained as the derivative of the Morse function fitted to binding energy values. Positive values of the normal force
correspond to attraction. The binding energy values are normalized with respect to the tip’s area of contact ([001] surface). (b) A close-up side view
of the contact region between the tip and the substrate, (c) the top view of the area of asperity in (b). The area of asperity is defined as the area of
the smallest convex polygon that encloses the interacting substrate atoms. (d) Relation between the normal force and the two realizations of
atomistic contact areas at the interface of tobermorite tip and substrate: the real contact area (red line), and the area of asperity (blue line).
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The objective of the present work is to study nanoscale
surface contact in structurally complex materials, which are of
both technological and scientific significance. We use molecular
dynamic simulations to study a model system of calcium−
silicate−hydrate (C−S−H) phase, which is the primary binding
component and the main source of mechanical properties in
the cement paste. This complex and variable stoichiometry
compound is an amorphous mixture of CaO2 (C), SiO2 (S),
and H2O (H), which surrounds various crystalline phases in the
hydrated cement.18 Despite its appearance as the colloidal
phase in the cement paste, C−S−H is considered as an
assemblage of discrete nanoscale particles, which interact
through normal and frictional forces (Figure 1).19,20 As such,
the overall properties of the C−S−H phase naturally depend on
interparticle interactions, which are largely unexplored.
Specially, the occurrence of random surface defects, such as
SiO2 vacancies on the surface of C−S−H particles or the
existence of bridging Si tetrahedra (Figure 1b), break any
symmetric pattern associated with interfacial sliding in
crystalline interfaces observed earlier and complicates the
nature of interactions. Therefore, C−S−H is an excellent
system for our study to expand the current state of the
knowledge on surface contacts to complex, low-symmetry
systems.
The present article is structured as follows: First, we detail

the influence of crystallographic directions and the realization
of atomistic contact on attractive and repulsive interparticle
forces in C−S−H and tobermorite, where the latter is a natural
crystalline analog of C−S−H (Figure 1c). Next, we present the
results of scratch simulation on tobermorite to predict the
fracture toughness properties. Finally, we decouple the distinct
contribution of the van der Waals (vdW) versus Coulombic
interactions as well as the effect of various atomic species in
nanoscale contact, followed by a short discussion and
conclusion.

■ RESULTS AND DISCUSSION

Interparticle Interactions. Effect of Particle Orientation.
The normalized binding energies of the biparticle system in C−
S−H and tobermorite along different crystallographic directions
are shown in Supporting Information, Figure S1. To provide
quantitative comparison of the binding energies, we fitted a
Morse potential to the data and used two descriptors: the “well
depth” and “well width”, where the latter corresponds to the
inverse of the curvature term in Morse potential. It turns out
that the effect of orientation on the binding energy (and for
that matter, interparticle equilibrium distance and applied
forces) is more pronounced for tobermorite than it is for C−
S−H. The reasons go back to the more homogeneous behavior
of C−S−H and are consistent with the structure of the two
compounds; that is, compared to the crystalline, layered
structure of tobermorite, the disordered structure of C−S−H
makes its behavior rather insensitive to orientations. Accord-
ingly, it is expected the binding energy descriptors such as well
depth and well width show a more homogenized behavior in
the case of C−S−H (Supporting Information, Figure S1d,e). In
the case of tobermorite, it appears that the neighboring [010]
planes have the maximum well depth and well width and thus
maximum interactions among all interfaces. This is likely due to
the most packed structure of tobermorite (i.e., direction of
strong silicate chains), which is only slightly inclined to the
[010] direction.

Realization of Atomistic Contact Area. Figure 2a illustrates
the results of static energy minimization of tobermorite tip−
substrate system at various separation distances. The binding
energy is normalized with respect to the tip’s area of contact
along [001] directions. The normal force (dashed line in Figure
2a) is obtained as the derivative of the Morse function fitted to
the binding energy values. As seen in Figure 2a, the attractive
force dominates the tip−substrate interaction even at small
distances. As the tip−substrate distance increases, the attractive
force first reaches its peak value at ∼3 Å and then tends to
decrease until it finally goes to zero at the cutoff distance for
electrostatic interactions (i.e., 15 Å).
To relate atomistic findings to the laws of continuum contact

a measure of contact area is required. Two definitions of
nanoscale contact areas could be realized: the area of asperity
(Aasp) and the real contact area (Areal).

4,5 The area of asperity is
the area of the convex polygon that encloses all the interacting
substrate atoms, while the real contact area is the number of
substrate atoms (Nat) that fall within the range of chemical
(short-range) interaction with the tip atoms, multiplied by a
constant (Aat) representing the effective area of each substrate
atom.

= ×A N Areal at at (1)

In view of the larger cutoff distance of electrostatic interactions
compared to vdW interactions, the choice of Nat in eq 1 is made
by considering which substrate atoms fall within the cutoff
range (15 Å) of Coulombic interaction with the tip atoms.
Furthermore, the effective area of the substrate atoms (Aat) is
assumed to be the same for all the atom types and is calculated
based on the weighted average of the covalent radii of all the
substrate atoms.
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In above, i denotes the various types of atoms (Ca, Si, O, and
H) that exist in the substrate, Ri denotes the covalent radius of
each atom type,21 Ni is the number of substrate atoms that
belong to a particular atom type category, and ∑Ni is the total
number of substrate atoms. On the basis of eq 2, the value of
the effective atomic area (Aat) is estimated as 3.06 Å2 in our
calculations. By projecting all the interacting atoms into a
common surface, Aasp is obtained as the area of the smallest
convex polygon that encloses these atoms. Figure 2b,c shows a
close-up side view and top view of Aasp of the tip and substrate;
the top view demonstrates the schematics of the convex
polygon that forms the Aasp.
To relate the normal force and the contact area, we adopt the

power-law form of continuum single-asperity theories of
contact22−24

= + <A aL b r( 1)r
asp (3)

where L is the normal force and a, b, and r are the fitting
parameters. Moreover, we choose to use only the intermediate
part of the normal force plot where a monotonic variation can
be observed (tip−substrate distance greater than 3 Å).
According to the continuum single-asperity theories for
nonadhesive and adhesive contacts,22−24 the area of asperity
(i.e., Aasp) varies sublinearly with respect to the normal load.
Similar behavior is also observed in our simulations of adhesive
contact where we obtain r = 0.04 (blue line in Figure 2d). Now
if we express the contact area in eq 3 in terms of Areal (i.e., the
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number of interacting atoms), we observe a far less sublinear
relation with r = 0.60 (red line in Figure 2d). Such a shift
toward less sublinear behavior was also observed in the study of
nonadhesive nanoscale contacts.5 Furthermore, by considering
Areal we can differentiate the role of each atom type on the
normal forces, which will be discussed in the last section.
Nanoscratch. Simulation of scratch test is performed by

sliding tips with spherical extremity of radius 2−5 nm on a
tobermorite substrate (Figure 3a and Supporting Information,
movie 1). Tips are assumed rigid and are cut from a bulk
sample of tobermorite. The evolution of pileup in front of the
tip is depicted in Figure 3a,b. Figure 3c shows a linear
relationship between the friction and normal force and the
friction coefficients obtained from scratch test simulations with
various spherical tip sizes. Each point in Figure 3c is obtained
by averaging the horizontal and vertical components of the
interfacial forces over the steady-state period of sliding. Error
bars indicate the fluctuations inherent to the sliding simulation.
Similar linear trends were reported in the scratch simulations
performed on SiC and aluminum.10,13

As the tip size increases, the data in Figure 3c become less
scattered around the linear trend, and the predicted value for
the friction coefficient shows convergence. Two simultaneous
conditions contribute to this behavior. First, the larger depths
probed with larger tip sizes provided a better statistical

representation of friction and normal forces, which in turn,
corresponded to less scatter in the data. Second, the use of
identical sliding velocity (50 m/s) used for all the simulations
caused different tip sizes to experience relatively different
loading rates. To clarify the influence of the latter, Figure 3d
demonstrates the effect of relative velocity of the tip on the
coefficient of friction calculated from scratch simulations on
tobermorite. For comparison, the effect of velocity on friction
coefficient of aluminum via scratch simulations is also
presented.10 In each case, the coefficient of friction is
normalized with respect to the average coefficient of friction
calculated from all scratch simulations on the material. While
rate dependency is not significant for tips with radius of 3 and 5
nm, the higher relative loading rate for the 2 nm tip radius
causes slight reduction in the value of friction coefficient. An
analogous behavior was also reported in the scratch simulations
performed on aluminum using a spherical indenter of radius 2.3
nm and varying velocities.10 Overall, the scatter in both sets of
data is bounded to 5.3% standard deviation.

Prediction of Fracture Toughness from Scratch Simu-
lations. One interesting outcome of nanoscratch test is to
predict the fracture toughness of materials. To this end, we use
the analytical relation that was recently proposed based on
linear elastic fracture mechanics (LEFM) theory and has since
been successfully applied to a set of microscale scratch

Figure 3. (a) Scratch simulation of tobermorite with spherical tips. Schematics of the formation of pileup ahead of the tip is clear as it slides on the
substrate from left to right. Tips have conical shapes (with half angle 15°) that end in a spherical extremity. (b) Close-up view of the pileup region
ahead of the tip. Depth of cut is measured as the difference between the elevations (1) and (2). We define elevation (1) as the height of lowermost
atom of the tip and elevation (2) as the elevation that is higher than 99% of substrate atoms (prior to scratching). (c) Friction coefficients and linear
relations between the friction and normal forces at the interface of tip and substrate. (d) Effect of tip velocity relative to the tip size on the coefficient
of friction calculated from scratch simulation on tobermorite. For comparison, similar simulations previously reported on aluminum are also
presented.10 (e) The nominal stress varies linearly with the depth of cut. Slopes obtained at ca. −0.5 hint at the domination of LEFM as the failure
mechanism.
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experiments on materials with a wide spectrum of fracture
toughness from butter and parrafin wax to ceramics, metals, and
cement paste.14,15,17 In essence, this relations narrows to

β
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α
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where Feq is a combination of friction force (FT) and normal
force (FN) exerted on the tip; Kc is the fracture toughness, R is
radius of the tip, d is depth of cut, and β is a dimensionless
parameter. For a spherical tip, it can be shown that Feq= (FT

2 +
(665/1188)FN

2)1/2.14

We follow the same convention in Akono et al.14 to measure
the depth of cut; that is, the depth of cut is measured with
respect to the substrate level prior to scratching. We take this as
the elevation higher than 99% of substrate atoms before
scratching (elevation (2) in Figure 3b). Note that while we use
the convention of Akono et al.14 for calculation of depth of cut,
we realize that in our atomistic analysis there is a significant
contribution from pileup atoms (see Figure 3b) to resist the tip
movement, which is not negligible. This issue will be addressed
later by quantifying the contribution of pileup to the tip−
substrate interaction.
In using eq 4 care should be taken in regard to size effects.25

As stated earlier, the developments of Akono et al.14 are based
on LEFM. Therefore, it is important to verify the compliance of
our data to the governing relations of LEFM before any
meaningful data extraction for fracture toughness could be
made. It is well-known of LEFM solutions that the nominal
stress at failure varies inversely with the square root of structure
size.26 In the context of scratch tests, the former corresponds to
the average bearing capacity (σN) at the tip front, and the latter
is represented by the depth of cut (d).25 More precisely, σN
refers to the ratio of friction force (FT) to the tip−substrate
contact area projected on a vertical plane, for which we use the
approximate relation provided in ref 17.

=A
R

Rd
2

3
(2 )v

1.5

(5)

When plotted in logarithmic scale, the linear relationship
between σN and the inverse of d1/2 is characterized by line with
the slope from −1 to 2. To verify the existence of such
relationship, the results of scratch simulations using the tips
with radius of 2−5 nm are plotted in Figure 3e. Line fitting
reveals slopes of −0.728, −0.563, and −0.536 for tips of radius
2, 3, and 5 nm, respectively. The resulting slopes are in good
agreement with the characteristic value of −0.5 expected for
LEFM solutions (the slight divergence of the values for the
smallest tip size are likely due to higher loading rates discussed
earlier).
The above argument regarding the compliance of scratch test

data to the governing laws of LEFM could also be viewed in a
more generalized framework of energetic size effect law (SEL).
The energetic SEL bridges between two strength theories: (1)
plastic theory, in which the nominal strength of the material is
assumed to be independent of the structural size, and (2)
fracture theory (LEFM), which considers a linear degradation
in the nominal strength of material with respect to a
characteristic length of structure.15 The relation representing
SEL was initially proposed in the study of fracture in concrete

and rock26 and has recently been adopted for the analysis of
macroscopic scratch test data.15,25

σ
σ

=
+

B

1 D
D

N
Y

0 (6)

In the above equation, σN is the nominal strength of the
material (measure of material stress state at failure), B is a
dimensionless constant, σY is the yield strength of material, D is
a measure of structure size, and D0 is the characteristic structure
length. In the context of scratch test, σN is considered as the
ratio of friction force (FT) to the to the tip−substrate contact
area (Av).

25 Alternatively, σN could be defined in terms of the
combination of friction and normal forces (Feq) at the tip−
substrate interface.15 The former convention based on FT is
used in our analysis. Moreover, the structure size (D) is
represented by the depth of cut (d) in view of the scratch test
configurations.15,25

By applying the SEL in eq 6 to the material response in
scratch test the governing strength theory could be located
between the two limits: plastic-asymptote (σN = BσY) that is
independent of structure size, and LEFM-asymptote (σN =
BσY(D0)

1/2(D)−1/2) that varies inversely with the characteristic
structure length. For the scratch test data to be informative of
the fracture toughness property of the material, the data need
to locate closer to the LEFM-asymptote in the SEL
framework.15,25 For this purpose, a linear regression is used
in the form Y = AX + C, with X = d and Y = σN

−2 = (FT/Av)
−2,

to obtain the SEL parameters BσY = 1/(C)1/2 and D0 = C/A for
each tip size as shown in Table 1.15

Figure 4a shows the results of fitting the SEL relation in eq 6
to the data obtained from our nanoscratch simulations. The
nanoscratch results are presented in terms of dimensionless
parameters σN/BσY and D/D0, and are presented together with
the microscopic experimental scratch test data reported for the
cement paste.14,27 The experimental scratch test results were
obtained using parallelepiped blades of widths 2.5−10 mm.14,27
As can be observed in Figure 4a, the results of our nanoscratch
simulations are more inclined toward the LEFM-asymptote.
This elucidates the applicability of the LEFM-based formulation
in nanoscratch simulations for predictive analysis of fracture
toughness of materials.
For the remainder of this work, we focus on the analysis of

the tip with radius 5 nm. This is the only case in which one
complete depth of substrate unit cell (24.38 Å) is probed and
thus is most representative. To obtain a first approximation to
the fracture toughness in the tobermorite sample, the data from
scratch simulation are fitted to eq 4 (Figure 4b). Accounting for
the offset in the data fitting, that is, x0 in the inset of Figure 4b
representing the intersection of the fitted line with the x axis,
we can obtain the value of fracture toughness for each depth of
cut (Figure 4b). The results show a fracture toughness, Kc,
close to 2.9 MPa·m1/2 for tobermorite, which compares well

Table 1. Size Effect Law Parameters for Each Tip Size
Obtained from Performing Linear Regression to Scratch
Simulations

tip radius R (nm) A C D0 (Å) BσY (nN/Å2)

2 0.0842 0.0110 0.131 9.535
3 0.0547 0.0146 0.267 8.276
5 0.0384 0.0268 0.698 6.108
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with 0.66 MPa·m1/2 and 0.67 MPa·m1/2 obtained from scratch
test and three-point bending experiments, respectively, on
cement paste.14,28 Note, however, that the fracture toughness
reported in those works corresponds to microscopic (or
perhaps macroscopic) realization of cement paste that
represents a homogeneous material containing several hydra-
tion components such as C−S−H, portlandite, and even
porosities and defects. In our study, however, cement paste is
represented by uniform crystalline phase of tobermorite devoid
of any impurity or porosity; hence, it is not surprising to obtain
larger values of fracture toughness for this defect-free C−S−H
crystal. However, still close level of agreement in the order of
magnitude between simulations and experiments is quite
encouraging.
Effect of Pileup. As stated earlier, eq 4 assumes that the only

source of resistance against the movement of the tip comes
from the material ahead of the tip and below the substrate level
(elevation (2) in Figure 3b). In other words, the material
resulted from chipping is no longer connected to the bulk of
substrate and thus exerts no force on the sliding tip. In the
atomistic view of scratch, however, substrate atoms are
dislocated rather than chipped, and as they move to the pileup
region, they still form a connected network that can resist
against the tip movement. Figure 5a,b shows that the
contribution of pileup to the total friction and normal force
amounts to 40% and 30%, respectively. The data for normal
force is more scattered for various tip sizes compared to friction
force. This could be attributed to the fact that Coulombic
interactions contribute more strongly to normal forces. This
will be discussed in the next section.
van der Waals Versus Coulombic Interactions Con-

trolling Physics of Particulate C−S−H. Differentiating the
effect of vdW versus Coulombic interactions at the interface of
the tip and substrate suggests the domination of vdW
interaction in developing resistance to the horizontal move-
ment of the tip (Figure 5c). Coulombic interactions, although
insufficient in providing lateral resistance, contribute strongly to

development of adhesion in normal direction between tip and
substrate (Figure 5d). The underlying mechanism can be
physically explained in the following way. In the non-
equilibrium condition of sliding of the tip on the substrate,
two simultaneous interactions are present: first, vdW
interactions that are repulsive in nature and are activated by
overclosure of several atomic species at the close neighborhood
of the tip and substrate, and second, Coulombic interactions
that are predominantly attractive and apply over a large region
of substrate extending away from the tip. While the repulsive
part of vdW interactions scales with r−12, all of the Coulombic
interactions scale with r−1, suggesting the complete dominance
of forces in the former (proportional to r−13) compared to
those of the latter (proportional to r−2). Still, this absolute
dominance is not exactly reflected in Figure 5d where the
contribution from vdW interactions to the normal force is only
at the ratio of 60 to 40 compared to Coulombic interactions (as
clearly expressed in Figure 5f). The behavior is explained by the
long-ranged nature of Coulombic interactions that results in the
contribution of a larger number of substrate atoms compared to
the short-ranged vdW forces (more precisely the repulsive part
of vdW forces) that apply within a small neighborhood of the
tip.
Despite the large contribution of Coulombic interactions to

the normal tip−substrate forces, horizontal resistance on the tip
is mainly composed of vdW interactions (see Figure 5e). The
difference is explained by the relative position of the tip and
substrate in the two cases and the adhesive nature of contact
provided by Coulombic interactions. In the normal direction,
all the substrate atoms are located on one side of the tip
(bottom); therefore, the resultant Coulombic forces (that are
adhesive) tend to add up, causing the tip to be attracted by the
substrate (see Figure 5d). In the horizontal direction, however,
the location of substrate atoms is not favored in any particular
direction, and therefore the resultant Coulombic forces tend to
cancel out. As the depth of cut increases, the distribution of
substrate atoms becomes more biased in front of the tip

Figure 4. (a) The results of nanoscratch simulations closely follow the energetic size effect law along the LEFM-asymptote. A similar trend was
previously observed for the microscopic scratch experiments on cement paste.14,27 The results provide the justification for the use of nanoscratch
simulation for the prediction of fracture toughness. (b) Fracture toughness predicted through fitting to the scratch simulation results (via eq 4).
(inset) The intersection with the x-axis of the fitted line to eq 4 (x0), which is used to predict individual fracture toughness values for each depth of
cut.
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(formation of pileup), and this explains the trend in Figure 5c
where Coulombic interactions gradually tend to attract the tip
toward the pileup.
Distinguishing the Effect of Various Atom Types. By

distinguishing the effect of various atom types on the total vdW
forces a pattern could be identified (see Table 2). Bridging

(Ob) and end oxygen (O) atoms are contributing the most,
then Ca, Si, and Ow (oxygen of water molecules). Figure 6
shows this trend for both friction and normal forces.
Contribution of different atoms to Coulombic forces follows
almost the same pattern except that the roles of Si atoms are
more prominent. Only normal forces are considered with

reference to Coulombic interactions because this is the main
direction for Coulombic contribution compared to vdW
contributions as discussed in the previous section. According
to Figure 6, in the case of Coulombic forces, the contribution of
individual atom types is affected more strongly with variation in
the tip size (and consequently indentation depth) compared to
the case of vdW forces. This could be attributed to the positive/
negative nature of Coulombic interactions that depend on
atomic charges, and as a result small variations in the local

Figure 5. (a) Contribution of pileup to the tip−substrate friction force and (b) normal force. (c) Friction at the interface of tip and substrate is
majorly dominated by repulsive van der Waals (vdW) interactions. (d) vdW and Coulombic interactions contribute to the development of repulsive
and adhesive components of normal force, respectively. (e) The normal force at the interface of tip and substrate is favored by vdW interactions by a
ratio of 60 to 40 compared to Coulombic forces. (f) The horizontal force at the tip−substrate interface is dominated strongly by interactions from
vdW sources, giving them a 90 to 10 leverage compared to Coulombic interactions. (e, f) The symbol | | indicates absolute values.

Table 2. Contribution of Various Atomic Species to the vdW
and Coulombic Interactions Acting at the Interface of Tip
and Substrate Both Made of Tobermorite

average contribution

ineraction force Ca Si Ob−Oa Owb Hwb

normal (Coulombic) 25% 35% 70% 6% 4%
normal (vdW) 16% 12% 63% 9% 0%
friction (vdW) 23% 5% 63% 10% 0%

aOb−O: oxygen atoms forming the silicate chain. bHw and Ow:
hydrogen and oxygen atoms in water molecules.

Figure 6. Contribution of various atom types to the tip−substrate
interactions. Hw and Ow are hydrogen and oxygen atoms in water
molecule. Ob−O and Si are the oxygen and silicon atoms forming the
silicate chain, and Ca corresponds to inter- and intralayer calcium.
Contribution of different atom types is quantified in terms of both
vdW and Coulombic interactions.
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configuration or size of the region could change the resulting
force on an atom from repulsive to attractive.
Overall, our results show that despite the fact that the

number of Ca atoms is equal to the number of Si atoms (i.e.,
Ca/Si = 1), Ca atoms contribute more strongly to the
interparticle forces and scratch and fracture resistance
compared to Si atoms. Thus, while Si atoms (and in general
silica chains) play the dominant role for integrity of the
individual C−S−H particles,18,20,29 Ca atoms are more crucial
for interparticle interactions and thus for the integrity of the
whole particulate C−S−H assembly. This finding is novel and a
significant result of this paper related to intrinsic feature of the
tobermorite family. It suggests that increasing the ratio of Ca/Si
toward more realistic C−S−H (e.g., the average Ca/Si in real
C−S−H is ∼1.6−1.7),30 would considerably increase the
fracture toughness of C−S−H, provided that the backbone
structure of tobermorite or local atomic environment are not
dramatically altered. Indeed, recent advanced analysis via
combinatorial molecular optimization of defects in C−S−H
have shown that Ca/Si = 1.5 provides the maximum fracture
toughness in C−S−H among all possible stoichiometries from
Ca/Si ≈ 1 to 2.1.31 Beyond Ca/Si = 1.5, it was shown that the
backbone silica layer becomes significantly distorted, leading to
major network disconnectivity and thus reduction in strength
and fracture toughness. By distinguishing the role of different
atomic species, our analysis provides a deep physical insight
into the root causes of this pattern.

■ DISCUSSION

Understanding the complex chemomechanical interactions that
govern the behavior of particulate systems such as C−S−H
requires the study of well-defined interfaces across multiple
scales. This article addressed this issue through the study of C−
S−H and its closest crystalline analog (i.e., tobermorite) at
three distinct scales:

1. At the smallest scale, we looked at the interparticle
interfaces through an atomistic lens. The contact area at
the interface of two particles was defined in terms of the
number of interacting atoms, and the relation between
the normal force and this “atomistic” notion of contact
area was established. Similar relationship was also derived
between the normal force and the “macroscopic” notion
of contact area (i.e., single asperities). It was demon-
strated that atomistic realization of the contact correlated
more linearly with respect to the normal interaction
force.

2. In an intermediate scale, we considered the interparticle
interaction not through the study of individual atoms but
by looking at the collective behavior of the system of
atoms within the particle. To this end, we used the
binding energy and its descriptors: energy well depth and
well width to study the behavior of a biparticle system.
The effect of particle orientation on the overall energy of
the system was considered, and configurations with
highest and lowest energy levels were determined. It was
demonstrated that the biparticle system of the
amorphous C−S−H is less sensitive to the relative
orientation of particles compared to tobermorite. More-
over, it was shown that two tobermorite particles form a
more stable configuration when they approach along the
[010] axes and are less stable when connected along the
[001] axes (Supporting Information, Figure S1c).

3. In the largest scale considered here, we performed
scratch simulation on a large supercell of tobermorite.
The collective behavior of several hundred thousand
atoms was integrated in the form of friction and normal
forces, which were used for the calculation of friction
coefficient. Furthermore, interpretation of the scratch
simulation results in the context of energetic SEL
provided a direct link between the atomistic interactions
and macroscopic fracture toughness property. It was
demonstrated that the results of nanoscratch simulation
were applicable to LEFM-based formulas and could be
used for prediction of fracture toughness. Table 3

presents the value of fracture toughness predicted for
tobermorite from nanoscratch simulations and compares
the result with the fracture toughness parameters
previously reported for cement pastes.

The predicted fracture toughness for tobermorite is a few
times larger than its macroscopic representation. The difference
is understandable as tobermorite corresponds to an idealized
pure crystalline cement paste without impurities, porosities,
cracks, etc. Moreover, the LEFM-based formulation used for
the prediction of fracture toughness assumes no resistance from
the pileup of material in front of the tip. This resistance is
quantified to be up to 40% in our scratch simulations.
Therefore, adjusting for this effect, the fracture toughness
prediction is reduced by 40% to yield 1.7 MPa·m0.5, which is in
closer agreement with experimental measurements for the
cement paste. Finally, we demonstrated that the vdW (vs
Coulombic) interactions has a more dominant role in nanoscale
contact (including normal and frictional forces), and thus
governs the mechanics and integrity of the particulate C−S−H
systems. In this context, Ca atoms were revealed to play a key
role in interparticle interactions of the system, unlike the
individual particles where both Si and Ca atoms are key players
in structural integrity.
In view of the similarities that exist between tobermorite and

C−S−H and also because of the simplicity that the former
crystalline structure provides, most of the analyses in this study
were conducted using tobermorite unit cells. While we believe
that the general trends obtained in this work are very insightful
about the nature of interactions in the C−S−H particulate
system, a complete understanding of these phenomena will
require consideration of C−S−H unitcells and reactive ReaxFF
force fields, which will be the subject of future research.

■ CONCLUSIONS
We studied the problem of nanoscale contact, friction and
scratch, across different crystallographic directions, using a
particulate model of C−S−H. We found that adhesive/
repulsive normal interaction between two C−S−H particles is
less sensitive to the crystallographic orientations compared to
those of the layered crystalline tobermorite. We showed that

Table 3. Comparison of the Fracture Toughness Values
Obtained from Current Simulation on Tobermorite and
Previously Reported Experiments on the Cement Paste

simulationa experimenta

before pileup
correction

after pileup
correction

scratch
test14,27

3-point bending
test32

2.9 ± 0.1 1.7 ± 0.06 0.66 ± 0.05 0.62−0.66
aAll values are in MPa·m0.5 units.
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the contact area scales with 0.6 power of the normal force; that
is, Aasp ≈ L0.6 when considering the multiasperity realization of
the contact area, whereas this scaling is far more sublinear in
the single-asperity (continuum) contact area where Aasp ≈ L0.04.
This underscores the inherent differences in “nanoscale” versus
“continuum” theories of contact and the need for elaborate
analysis when adopting continuum theories for nanoscale
granular materials.4,5

Scratch simulations on the interface of two tobermorite
particles identified the coefficient of friction ∼1 and
demonstrated a linear relationship between the friction force
and normal force. We predicted the inherent fracture toughness
of tobermorite to be ∼1.7 MPa·m1/2, which is readily
comparable with experiments, 0.66−0.67 MPa·m1/2, on cement
paste.14,27,32 Unlike the micro/macro-scratch tests in which the
cementitious materials are typically chipped away ahead of the
tip, there is a significant pileup in nanoscale scratch simulations
that contribute up to 40% of the resistance force.
Finally, the ratios of vdW to Coulombic contributions to the

friction and normal forces in C−S−H were found to be ∼9 and
1.5, respectively, indicating pronounced contribution of the
vdW forces. By distinguishing the inherent contribution of each
atom type, we found that despite the fact that the number of Ca
atoms is equal to Si atoms in tobermorite, Ca species contribute
more to the nanoscale contact, wear, fracture toughness, and
interparticle interactions. This finding, which is in contrast to
the level of individual particles where silica chains are key to
structural integrity, suggests that increasing the Ca/Si ratio will
improve the fracture toughness and the interparticle
interactions of C−S−H (provided that the backbone of
individual particles are not dramatically changed). This finding
may provide de novo concepts and strategies for an intelligent
tuning of the mechanics of particulate systems; that is, the
modulation must be done both at the level of individual
nanoparticles (e.g., via tuning the Si topology31) and
interparticle interactions (e.g., via increasing the Ca content).
To our knowledge, this work is the first report of atomistic-
scale analysis of contact and scratch simulations in structurally
complex particulate systems and can open new opportunities to
understand other nanoscale phenomena such as indentation-
induced mechanisms in cement40,41 and tuning its mechanical
properties in hybrid particulate systems.42−44 Broadly, it can
impact the physics and self-assembly of other particulate
systems such as ceramics, sands, powders, grains, and colloidal
systems.

■ EXPERIMENTAL SECTION
To model the C−S−H, we used the so-called consistent molecular
model of C−S−H that is based on a set of bottom-up atomistic
simulations.30 The resulting unit cell reproduces the NMR data of
actual C−S−H, and has C/S of 1.65 and density of 2.65 g/cm3, which
are close to the values obtained by SANS measurement (C/S = 1.7,
density = 2.6 g/cm3). The model has a chemical composition of
(CaO)1.65(SiO2)(H2O)1.75 with a triclinic crystal size of 13.06 × 29.02
× 23.08 Å3 and angles α = 87.8°, β = 91.7°, and γ = 122.7°. The
tobermorite unit cell that was employed here has a chemical
composition of Ca6Si6O18·2H2O and a monoclinic crystal structure
with dimensions of 6.59 × 7.39 × 24.38 Å3 and angles α = 90°, β =
90°, and γ = 123.88° (i.e., so-called 11 Å tobermorite).33

To properly describe interatomic interactions in both C−S−H and
tobermorite, CSH-FF potential was used in all MD simulations.34 This
empirical force field is developed by optimization of partial charges
and Leonard-Jones parameters against ab initio calculations on
tobermorite and has been highly successful in reliably predicting

structural (lattice parameters and bond distances) and mechanical
properties (elastic constants) of C−S−H and tobermorite family.34

Furthermore, CSH-FF has proven both adequate and computationally
efficient in simulation of water confined in small pores inside C−S−H
grains.35 The detailed parameters and equations of CSH-FF potential
are given in Supporting Information. One can also use other potentials
for scratch tests,45 but care must be taken in assessing the predictive
capability of potentials with respect to mechanical properties.34

Both normal and friction forces were considered in the study of
interparticle interactions. The normal force was evaluated as the
derivative of the binding energy in the C−S−H (or tobermorite)
biparticle system, and the friction force is obtained as the resistance
between the tobermorite tip and substrate in a scratch test setup. The
analysis of the normal force involved two parts: first, we used MD
simulation to explore the effect of various interfaces on the binding
energy of the C−S−H (or tobermorite) biparticle system. For this
purpose, two identical particles were immersed in water with density 1
g/cm3, and the energy of the system was incrementally calculated
when the particles approached each other along one of [100] or [010]
or [001] directions (see Supporting Information, Figure S1a). Here,
C−S−H particles were represented by a nonperiodic 1 × 2 × 1
supercell, and tobermorite particles were represented with a
nonperiodic 5 × 5 × 1 sueprcell. In the second part, we only focused
on the weakest surface that is more likely for decohesion (and thus
reserve as particle boundaries during crystal growth processes) and
studied the relation between the atomistic contact area and the
interparticle forces through static energy minimization, as imple-
mented in the GULP package.36 More precisely, a 3 × 3 × 1
tobermorite supercell was gradually brought into contact with a
tobermorite substrate of size 9 × 9 × 1, and the energy of the system
was calculated at each increment. Periodic and nonperiodic boundary
conditions were imposed in the directions parallel ([100] and [010])
and normal ([001]) to the substrate plane, respectively. To avoid
relative tip−substrate displacement, a few Si atoms were kept fixed in
the upper and lower layer of the tip and the substrate.

The analysis of friction and wear phenomenon was performed using
the MD simulation of scratch test between a spherical tip and substrate
both being cut from a bulk tobermorite sample. The tip had a conical
shape (with half angle 15°) that ended in a spherical asperity. Radius
of curvature of the tip (R = 2−5 nm) characterizes the tip size, and
consequently, the range in which the depth of cut can vary (d = 0.1−
2.5 nm). Depth of cut is defined as the distance between bottom
elevation of the tip and top elevation of the substrate: the latter
corresponds to the elevation that is higher than 99% of substrate atoms
(elevation (2) in Figure 3b), and the former refers to the elevation of
the lowermost atom of the tip (elevation (1) in Figure 3b). In all the
scenarios, the tip height is adjusted to eliminate the effect of boundary
conditions. Substrate dimension in the direction of tip movement is
chosen to allow for a minimum sliding distance of 5 × R (R being the
radius of curvature of the tip); the same rule as in tip height applies to
the other two dimensions of the substrate. As an example, for the tip of
radius 5 nm and height 8 nm, a 62 × 32 × 3 supercell is used as the
substrate; the total number of atoms in this case is on the order of
500 000. Periodic and nonperiodic boundary conditions are imposed
in lateral and normal directions of the substrate surface, respectively.
Tip atoms are made infinitely rigid and move at a constant velocity
with respect to the substrate, thereby preserving the initial
conformation of tip throughout the sliding. The bottom silica chain
of the substrate is kept fixed throughout the simulation to avoid
relative tip−substrate displacement. Throughout the simulation, the
system temperature was maintained at ∼1 K to exclude the influence
of any thermally activated processes.

To perform friction and scratch tests, first we conducted the MD
simulation of indentation. The tip kept penetrating into the substrate
at a constant velocity until it reached a specified maximum depth of cut
(half of the tip radius). As the tip passed through different substrate
layers, snapshots of the position and velocity of atoms were stored.
These data represented restarting points each corresponding to a
specific depth of cut, which later went through MD relaxation to finally
set the stage for sliding simulation at desired depth. The cutting depth
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varied among various simulations based on the tip size. In all cases,
sliding continued until the tip reached to the end of the substrate (e.g.,
for the 5 nm tip size mentioned earlier the simulation takes 600 ps).
Finally, the friction and normal forces were obtained from scratch
simulation by averaging the horizontal and vertical components of the
interfacial forces between tip and substrate atoms during the steady-
state period of sliding.
All MD simulations were performed by LAMMPS code at

temperature 1 K.37 Positions and velocities were sampled from a
canonical ensemble (NVT) with Nose-Hoover thermostat.38 A typical
time step of 1 fs was employed in all the simulations except for the
cases with very small interparticle distances where a time step of 0.005
fs was adopted. All the simulations continued until they reached steady
state. All atomic visualizations are produced using the molecular
graphics program VMD.39
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