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ABSTRACT

The interfacial mechanical behavior between epoxy and quartz at the microscale remains inadequately understood. The quartz-
indenter shape and indentation depth (k. ) effect on epoxy interfacial mechanical behavior has been investigated through molecular
dynamics (MD) simulation of nanoindentation and nanoscratching. This work employs two Vickers-type and four spherical
indenters with varying radii (R) under different k. conditions, revealing the fundamental deformation mechanisms at the
microscale. The reduced modulus and Young’s modulus of epoxy resin obtained from MD simulations align well with experimental
results. Key findings include: (1) during MD nanoindentation, the elastic-plastic deformation of epoxy and the indentation force
increased with rising R and h,, due to the enhanced interfacial interactions between epoxy and quartz. (2) A negative indentation
force was observed during the unloading stage, attributed to adhesion effects. (3) In MD nanoscratching, the forces in the y- and z-
directions increased with rising R and k., which was due to a greater contact zone and elastic-plastic deformation. (4) The friction
coefficient could increase with rising indentation depth, exceeding 1.0 at h./R > 0.75. (5) The classic Coulomb’s law of friction
was not applicable at the microscale or nanoscale. These results provide a foundation for developing interfacial models at the
macroscopic scale for engineering applications.

1 | Introduction composites and soil is crucial for ensuring the stability and

integrity of the structure-soil system [2, 3]. Moreover, epoxy

Fiber reinforced polymer (FRP) composites have gained sig-
nificant traction across a variety of fields, including marine
engineering, construction, aerospace, civil, and hydraulic engi-
neering [1], due to their remarkable properties, such as high
strength-to-weight ratio, corrosion resistance, electromagnetic
transparency, and ease of handling. In geotechnical engineering,
the understanding of the interfacial properties between FRP

resin is the core matrix material of FRP. Modifying epoxy resin
with nanomaterials (e.g., nano-quartz and its size of 1-100 nm)
to improve its strength and toughness properties is one of the
current research focuses in this topic [4]. For this purpose, it is
essential to investigate the interfacial mechanical properties of
epoxy and quartz at the microscale to obtain an understanding of
the physical mechanisms governing their mechanical behavior.
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Most existing studies have concentrated on examining the macro-
scopic mechanical properties of epoxy and quartz mixtures
through experimental methods [5, 6] and numerical analyses
[7], such as direct shear and interfacial shear tests. These
investigations have primarily addressed the characteristics of the
mixtures themselves, often overlooking the critical interfacial
interactions [4, 8]. Consequently, the interfacial behavior between
epoxy and soil remains insufficiently understood, especially at the
microscale. Furthermore, the macroscopic properties of materials
are profoundly affected by their micro-/nanoscale characteristics,
where some factors (e.g., composition degradation, failure ini-
tiation, and microscopic mechanical behavior) play significant
roles in determining overall performance [9, 10]. Therefore,
investigating the mechanical properties at the microscale is
crucial for gaining insights into the behavior of materials on a
larger scale [11].

The molecular dynamics (MD) simulation method has effec-
tively been used to study the interfacial mechanical behavior
of materials, providing fundamental insights that are diffi-
cult to achieve experimentally [12-17]. To date, MD simu-
lations have been successfully employed to investigate the
adhesion [18], interfacial friction [2], and creep [3] behavior
of the epoxy—quartz interface. However, there has been lim-
ited research focusing on their interfacial interactions at the
microscale.

Nanoindentation and nanoscratching techniques are powerful
tools for investigating the tribological and mechanical properties
of materials at the microscale (~10~° m) [19-22]. In both MD
simulations and experimental studies, previous research has pri-
marily focused on pure epoxy resin [23], quartz [24], and mixtures
of epoxy composites with other modified materials [25, 26], such
as nanoclay and fumed silica. Additionally, the nanoscratch-
ing behavior of epoxy/MWNT nanocomposites [27], polymer
nanocomposites [28], and other materials [29] has been explored.
These studies have demonstrated that factors such as loading
rate, temperature, indenter shape and size, and indentation
depth significantly influence the interfacial mechanical proper-
ties observed in nanoindentation and nanoscratching. Recently,
the effect of loading rate on the interfacial mechanical behavior of
epoxy—quartz systems was examined using MD nanoindentation
and nanoscratching [30]. However, this research did not consider
the effects of quartz shape, as well as the holding and unloading
stages during the nanoindentation process. To our knowl-
edge, the interfacial mechanical behavior between epoxy and
quartz has been rarely studied using MD nanoindentation and
nanoscratching.

To address this gap, this study investigates the effects of quartz-
indenter shape and nanoindentation depth effects on epoxy
interfacial mechanics behavior through MD nanoindentation
and nanoscratching. This work aims to: (1) analyze the effects
of different indenter shapes and sizes on FRP-soil interfacial
behavior at the microscale; (2) reveal the elastic-plastic defor-
mation mechanisms of epoxy resin during nanoindentation and
nanoscratching processes, and their interactions with quartz
indenters; and (3) provide an atomistic understanding of FRP-soil
interfacial behavior.

2 | Simulation Procedure
2.1 | System Setup

Figure 1 shows the epoxy resin-quartz system used for MD
nanoindentation and nanoscratching, where the dimensions of
the whole system are 144.381 A x 288.559 A x 180.26 A. Six
different quartz indenters were established via VMD software
to study the effect of the indenter shape and size, such as
Vickers-type indenters (i.e., pyramid-0°, pyramid-45° indenters,
see Figure 2a) and spherical indenters (i.e., spherical indenters
with different radii of 10, 14.5, 20, and 25 A, see Figure 2b). The
crystal structure of quartz indenters contained three atoms (i.e.,
Si, O, and H), where the hydrogen atoms are at the outermost
edge faces of the molecular model due to the oxidation effect.
Moreover, all quartz indenters were set as a rigid body during
all MD simulations, because the hardness of the nanoindenter
(e.g., diamond) used in previous nanoindentation experiments
was usually very high.

The epoxy substrate containing 228,000 atoms was composed of
4000 diglycidyl ether of bisphenol A (DGEBA) as an organic
compound and 2000 m-phenylenediamine (mPDA) as a curing
agent, where its conversion percentage of 84% was obtained
through the cross-linking reaction between the epoxy group and
an amino group at 600 K. As shown in Figure 1a, there are three
layers (i.e., Newtonian layer, Thermostat layer, and Boundary
layer) for the epoxy substrate, and their control methods at
each layer and the accuracy verification of this epoxy model
are detailed in our prior work [30]. Furthermore, a periodic
boundary along the x- and y-directions was applied, and the
vacuum over 40 A was set the nonperiodic boundary along the
z-direction.

2.2 | Force Fields

The polymer consistent force field (PCFF) and consistent valence
force field (CVFF) have been successfully employed for organic
compounds (e.g., epoxy system [3, 31]) and inorganic materials
(e.g., quartz [3, 32]), respectively. Thus, the PCFF and CVFF were
employed for the epoxy substrate and the quartz indenter in this
study, respectively. Moreover, their formulations are displayed in
Equations (S1) and (S2) (which could be found in the Supporting
Information).

It is worth noting that the nonbonded interaction between quartz
and epoxy contained the Coulomb electrostatic and van der Waals
interactions, while the van der Waals interaction terms in PCFF
and CVFF were different, such as the standard 9-6 Lennard-
Jones (LJ) potential for PCFF and 12-6 LJ potential for CVFF.
Thus, as shown in Table S1, based on 9-6 LJ parameters of each
atom in the epoxy system, its corresponding 12-6 LJ potential
parameters could be obtained through a fitting method, which
is proposed in our prior work [30]. Thereafter, the nonbonded
interaction between epoxy and quartz could be calculated by the
same 12-6 LJ potential, where o;; and ¢; between atom i and atom
J were calculated by mixing Lorentz-Berthelot’s law [33] (i.e.,
Equations 1, 2).
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(a) Epoxy resin-quartz system (234216 atoms) for nanoindentation
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(b) Epoxy resin-quartz system for nanoscratching

FIGURE 1 | Epoxy resin-quartz system for (a) molecular dynamics (MD) nanoindentation and (b) nanoscratching simulation, where the quartz
model is set as an indenter, and the epoxy as a substrate. (c) Top view of the whole system. Note that h, h,, and h are the indentation depth (i.e., contact
depth between the epoxy substrate and the quartz indenter), displacement of quartz indenter along the z-direction, and initial distance between epoxy

and quartz, respectively.
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2.3 | MD Nanoindentation and Nanoscratching

Simulations

All MD simulations were conducted using the LAMMPS code
[34]. Table 1 displays some setting algorithms and methods for
all MD simulations in this study, and more detailed simulation
parameters are shown in the section “Code availability”. The
velocity-Verlet algorithm was used to integrate motion equations.
The cutoff radius for the van der Waals forces and long-range
electrostatic interactions using the PPPM method was 10 and 8.5
A, respectively. A time step of 1.0 fs and a temperature of 300 K
were maintained throughout all MD simulations.

The whole system was equilibrated with the Langevin thermostat
at 300 K and NVE ensemb]e for 1.0 ns, the quartz indenter kept
still during this process. Figure 3 shows the evolution of total

energy and temperature with time for the pyramid-0° quartz
indenter—-epoxy system during equilibration, indicating that the
whole system reached equilibrium after 600 ps.

As shown in Figure 4, all MD nanoindentation simulations for
the epoxy-quartz system are divided into three stages: loading,
holding, and unloading stages. (1) The loading stage was con-
ducted using displacement-controlled mode, where the quartz
indenter moved toward the epoxy substrate along the z-direction
with a loading rate of 1.0 A/ps. The final displacement of the
quartz indenter along the z-direction (h,) was set at 45 A, and the
corresponding final indentation depth (h.) was 25 A (Figure 4a).
(2) During the holding stage, the quartz indenter remained
stationary, and the epoxy substrate could further equilibrate
(Figure 4b). (3) During the unloading stage, the quartz indenter
moved away from the epoxy substrate (Figure 4c).

The quartz-epoxy system with different target indentation depths
(h.: 4, 7, 10, 16, 22, and 25 A) could be obtained during the
loading stage of MD nanoindentation. Thereafter, as shown
in Figure 1b, MD nanoscratching simulations were conducted,
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FIGURE 2 | (a)Pyramid type quartz model (Vickers-type indenter) and (b) sphere type quartz model (spherical indenter) with different radii (10-25

A).
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FIGURE 3 | Evolution of total energy and temperature with time for pyramid-0° quartz indenter-epoxy system during equilibration stage of 1.0 ns.

where the quartz indenter slid along the y-direction using
displacement-controlled mode at a sliding velocity of 1.0 A/ps.
All nanoscratching simulations slid along the sliding y-direction
until the calculation was terminated due to excessive interactions
between atoms, resulting in different sliding distances obtained
in different simulation groups.

2.4 | Physical Quantity Analysis

The indentation depth (i.e., contact depth, k) was calculated by
the following equation:

h, = h, — hy = Ah x n®" — p, 3)

step

where h, h,, and h, are the indentation depth (corresponding
to the depth of quartz indenter into the epoxy resin substrate),
the displacement of the quartz indenter along the z-direction,
and the initial distance between epoxy and quartz (h, = 20 A),
respectively. nypy " is the number of loading steps, where the
timestep is 1.0 fs. Ah is the loading rate (i.e., displacement rate)
of the quartz indenter, equal to 1.0 A/1000 steps (i.e., 1.0 A/ps =

100 m/s).

The projected contact area (A.) of the pyramid-type quartz
indenter (Figure 5a) at h. could be obtained by Equations (4-6).

d;, = 2h, X tang 4)
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1 1
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(¢) Unloading (90 ~ 135 ps)

FIGURE 4 | Molecular dynamics (MD) nanoindentation simulation process for epoxy-quartz system (R = 25 A), including three stages: (a) loading,

(b) holding, and (c) unloading stage.

(a) Pyramid type quartz model

(Vickers-type indenter)

(b) Conical indenter

(c) Sphere type quartz model
(Spherical indenter)

FIGURE 5 | Indentation parameters for (a) pyramid type quartz model (Vickers-type indenter), conical indenter, and sphere type quartz model
(spherical indenter), modified from [35]. Note that d;, d,, ¢, 6 are corresponding length and angle in this quartz indenter, where ¢ and 6 were set as

27.87° and 26.35°, respectively.

d, = 2h, x tan@ 6]
A, =d, xd, = 4h’tanptand (6)

For a conical indenter (Figure 5b), the relationship between the
indentation force (P, alias F,) and h, followed Equation (7) [35].
It should be noted that the shape of the conical indenter was very
similar to that of the Vickers-type indenter. Thus, Equation (7)
was used to describe the relationship between the indentation

force (i.e., P or F,) and h, for Vickers-type indenter and was modi-
fied as Equation (8). E, is the reduced modulus (alias indentation
modulus) and is also applicable to various axisymmetric shapes
of the indenter and elastic—plastic contact [36].

2E tana . 5
P=———h, @)
2E tan < 6? ) )
P=——+—"h ®)
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TABLE 1 | Some setting algorithms and methods for all MD simula-
tions in this study.

Setting algorithm and

methods Purpose/parameter

Three-dimensional
periodic boundary
conditions

Velocity-Verlet algorithm

Simulating the behavior of
large systems and improving
computational efficiency

Integrating the motion
equations

Lennard-Jones potential Calculating the van der

model Waals interaction, and a
cutoff radius of 10 A

PPPM/TIP4P method Calculating the long-range
electrostatic interaction, and
a cutoff radius of 8.5 A, and
the desired relative error in

forces of 1e-4

Neighbor 1.0 bin

Time step 1.0fs

Temperature 300 K

For spherical indenters (Figure 5c), based on Hertz contact theory
[37], its projected contact area (A.) and the relationship between
the indentation force (P, alias F,) and h, are given by Equations (9)
and (10), respectively [35].

A =7 (thC - hf) ©)

32 10)

4

P= §ErR1/2hc
The indentation hardness (H) represents the ability of the tested
material to withstand contact loads [38] and is defined as the ratio
of the maximum indentation force (P,,,,) to the projected contact
area (A,) of the indenter as follows:

an

The relationship between Young’s modulus (E) and E, for the
nanoindentation test is as follows:

i:l_vz—f-l_viz

E, E E, (12)

where E and v are the Young’s modulus and Poisson’s ratio of the
substrate material (i.e., epoxy in this study), and E; and v; are the
Young’s modulus and Poisson’s ratio of the indenter material (i.e.,
quartz in this study). Because the quartz indenter was set as a rigid
body, E; and v; in Equation (12) are equal to oo and 0, respectively,
and Equation (12) could be further expressed as follows:

1 1-0
T="F (13)

To quantify the plastic deformation behavior of atoms in the
whole system, the shear strain (i.e., von Mises strain, nlMlses)

of atoms was calculated using OVITO from the atomic Green—
Lagrangian strain tensor (1) and the atomic deformation gradient
tensor (J) for each atom, as shown in Equations (12, 13) [39].

JTJ -1
=== (14)
77lMiscs
2 2 2
Nxx =7 + (nxx - nzz) + My = Nzz
g ) O ¢ )

as)

where 7 and J are the atomic Green-Lagrangian strain tensor and
atomic deformation gradient tensor for each particle, respectively.
nMses and 7 are the shear strain and volumetric strain of the
atom. 7y, Myys Mez> My Nig» ANA 7),,, are the six components of strain
for each atom.

3 | Results and Discussions
3.1 | MD Nanoindentation Behavior
3.1.1 | Effect of Indentation Depth

Figure 6a shows the evolution of the indentation force F, with the
indenter displacement h, for pyramid-0° indenters, and Figure 7
displays the evolution of pairwise interaction energy and force
with time for all systems. When h, varied between 0 and 20 A,
the pairwise interaction energy and force, as well as F, were close
to 0 due to the absence of contact between quartz indenter and
epoxy substrate. During the loading stage (h, rising from 20 to 45
A), F, gradually increased with rising i, when the quartz indenter
moved into the epoxy substrate, causing an increase in the elastic—
plastic deformation and damage to epoxy (Figure 8). Thereafter,
during the holding stage (h, = 45 A), although the position of
the quartz indenter remained unchanged, the atom positions
within the epoxy substrate could further adjust to achieve a more
balanced state, so F, decreased from a maximum value to a stable
value. Finally, during the unloading stage (h, reducing from 45
to 0 A), F, rapidly decreased to 0, then took negative values, and
finally went back to 0, when the quartz indenter gradually moved
out. It is worth noting that the negative value for F, was attributed
to the adhesive effect between epoxy and quartz, which has been
verified in previous MD works [40, 41].

The pop-in point is an important phenomenon during nanoin-
dentation, indicating significant structural deformation mecha-
nism changes within the material [35]. The pop-in phenomenon
is usually more common in crystalline materials [42, 43], such
as metal, ceramic material, quartz, etc. However, as shown in
Figure 6, the fluctuation in F, is relatively significant (Figure 6a-
d), so it is impossible to determine whether the pop-in point
exists or not. The pop-in point did not exist in Figure 6e, f.
Because epoxy resins are generally amorphous (noncrystalline)
polymer materials, molecular chain movements and rearrange-
ments in epoxy resins might be gradual rather than sudden.
This finding was also found in nanoindentation experiments on
epoxy resins from previous works [23, 25, 44], which investigated
the effect of temperature and loading rate. As shown in Figure
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FIGURE 6 | Evolution of indentation force (F,) with displacement of the indenter (h,) for various indenters: (a) pyramid-0°, (b) pyramid-45°, (c)
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evolution of total energy of pyramid-0° quartz indenter-epoxy system with time.
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FIGURE 8 | Shear strain of atoms for pyramid-0° quartz indenter-epoxy system during loading stage.

(a) Shear strain of atoms at &, = 45 A (i.e., h. =25 A) O o mo4

(b) Surface mesh of epoxy system at /1, =45 A (hiding the indenter for better visual clarity)
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FIGURE 9 | (a)Shear strain of atoms and (b) surface mesh of epoxy substrate for all systems; the quartz indenter is hidden for better visual clarity.

S1, the evolution of indentation load with indentation depth is
different under different environmental factors, but there is no
pop-in point in all curves, indicating that the existence of a
pop-in point depends mainly on the properties of the material
itself.

As shown in Figure 7b, c, the evolution of the overall pairwise
interaction forces agrees well with that of F,, while the pairwise
interaction forces along the x- and y-directions fluctuate around
0, indicating that the z-direction interaction between the quartz
indenter and the epoxy substrate has the dominant role. Figure 7d
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FIGURE 10 | Evolution of (a) reduced modulus (E,) and (b) hardness (H) with indentation depth (k) for all systems. The (c) average reduced
modulus and (d) average hardness were calculated based on the arithmetic average of the data for h, in the interval 15-25 A.

displays the evolution of the total energy change with time for
the pyramid-0° quartz indenter-epoxy system, where the total
energy gradually increases during the loading stage, indicat-
ing that the epoxy substrate has undergone irreversible plastic
deformation, including energy dissipation and microstructural
change (Figure 8). Thereafter, the total energy decreased with
rising time during the holding stage, reflecting that the epoxy
substrate was transitioning from plastic deformation to elastic
recovery, including the given stress relaxation effects, such as the
rearrangement of epoxy atoms.

3.1.2 | Effect of Indenter Shape and Size

As shown in Figure 6a, b, the evolution of F, with h, for pyramid-
0° quartz indenter is close to the evolution of F, for pyramid-45°,
with the maximum F, for pyramid-45° quartz indenter being
slightly bigger. Due to the amorphous nature of epoxy, the
arrangement and distribution of atoms vary in each direction.
Moreover, as shown in Figure 6¢c-f, for various spherical quartz
indenters, the higher the radius of the sphere, the higher the
maximum value of F,, the elastic-plastic deformation, and the
damage of epoxy (Figure 9). This is because the interaction
between the epoxy substrate and the quartz indenter gradually
increased with a rising radius of the indenter (Figure 7a b).

Figure 10 displays the evolution of E, and H with h,, calculated
using Equations (8-11). For pyramid-0° and 45° quartz indenters,
E, and H fluctuated significantly at 0-10 A of h,, and this

fluctuation gradually decreased with rising k. (Figure 10a, b). For
various spherical quartz indenters, E, and H gradually reduced
with increasing h. from 0 to 10 A, then remained unchanged for
h. between 15 and 25 A (Figure 10b).

Figure 10c, d show that the reduced modulus and hardness are
averaged based on their data at15-25 A of h.. The average reduced
modulus for pyramid-0° quartz indenter was slightly smaller than
that for pyramid-45°. For the spherical quartz indenter, the higher
the radius, the higher the average reduced modulus, which is
consistent with previous MD studies on amorphous alloy [40].
Moreover, for all quartz indenters, the average hardness of the
epoxy substrate was close to 2 GPa (Figure 10d).

The average Poisson’s ratio of the epoxy substrate used in this
work obtained by uniaxial tension was 0.377, which agreed well
with previous experimental results, giving values between 0.32
and 0.44 [45]. Thereafter, Young’s modulus of the epoxy resin
could be calculated by Equation (13). As shown in Table 2, the
epoxy—quartz model established in this work could be validated
by comparing E, and E values reported in previous studies, which
shows that E, and E values in this MD simulation agree well with
experimental results. However, it was noted that the hardness H
of the epoxy resin obtained in MD simulations was one order of
magnitude higher than its experimental value [26, 44, 46], which
might be due to the size effects, defects and interface effects of
experimental materials, the type of applied force field, etc. Many
MD nanoindentation simulation mechanisms of the epoxy resin
remained unclear and were worth further investigation.
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TABLE 2

Reduced modulus (E,), Young’s modulus (E), and indentation hardness (H) of epoxy resin in this work and similar materials (various
epoxy resin composites) in previous studies.

Species Methods Value (GPa) Notes
E, MD results in this 1.84-6.17 Epoxy resin at the loading rate of 1.0 A/ps
work under various indenter
Nanoindentation 4.78-5.35 Epoxy resin at different loading rates of
experiments in 0.25-6.0 mN/s [44]
previous works 15-7.5 Nanoclay/epoxy composite at 40°C [25]
4.0-7.1 Epoxy composite with 0%-5% CNF [46]
E MD results in this 1.58-5.29 Calculated by Equation (13)
work
Various experiments 2.21-2.72 DGEBA epoxy networks (containing
in previous works DGEBA/D230, DGEBA/TETA, DGEBA/TEPA)
through dynamic mechanical analysis
experiments [47]
3.5 (unmodified epoxy resin), 3.85 A DGEBA-based epoxy resin through the
(epoxy + 8.5% nanofiller) tensile test [4]
2.83 Matrix epoxy Epon 862 [48]
3.441-4.601 (DGEBA/AGE), Epoxy resin composite by ultrasonic velocity
3.441-6.293 (DGEBA/GMA) Measurement [49]
3.3 + 0.12 (uniaxial tension), 3.9 + Epoxy resin through uniaxial tension and
0.12 (nanoindentation) nanoindentation test [26]
3.76 (0 wt%), 3.49 (0.5 wt%), 3.47 Epoxy resin with 0.78 wt% polyaniline added by
(1.0 wt%) 0-1.0 wt% ZnO nanoparticles using
nanoindentation test [50]
H MD results in this 1.90-2.04 See Figure 10d
work
Nanoindentation 0.26-0.67 Epoxy composite with 0%-5% CNF [26, 44, 46]
expe.riments in 0.26-0.276 Epoxy resin at different loading rates of
previous works 0.25-6.0 mN/s [44]
0.256-0.318 Epoxy reinforced nanocomposites with fumed

silica of 0%-3% [26]

AGE, allyl glycidyl ether; CNF, carbon nanofiber; D230, Jeffamine D230; DETDA, diethyltoluenediamine; DGEBA, diglycidyl ether of bisphenol A; EPONS862,
bisphenol F diglycidyl ether; GMA, glycidyl methacrylate; mPDA, m-phenylenediamine; TEPA, tetraethylenepentamine; TETA, triethylenetetramine.

3.2 | MD Nanoscratching Behavior
3.2.1 | Effect of Indentation Depth

To understand the effect of h, on MD nanoscratching behavior,
Figure 11 shows the evolution of the forces on a spherical quartz
indenter (R = 14.5 A) with the sliding distance for different
h.. The forces along the y- and z-directions were greater than
the force along the x-direction, which fluctuated around O.
Because the quartz indenter slid along the y-direction during the
nanoscratching process, causing less impact in the x-direction.
Moreover, the force along the three directions fluctuated with the
sliding displacement due to the heterogeneity of the epoxy.

As h, increased, the contact zone between the quartz indenter
and the epoxy expanded, leading to the greater elastic—plastic
deformation of the epoxy and accumulation of more atoms in
front of the indenter (Figure 12). Thus, the forces in the y- and
z-directions could increase with rising h..

3.2.2 | Effect of Indenter Shape and Size

To explore the effect of indenter shape and size on MD nano-
scratching behavior, Figure 13 displays the relationship between
sliding force and sliding distance at h, of 4 A. The fluctuation
amplitude and the average sliding force on the spherical indenter
(R = 14.5 A) were greater than those on the pyramid indenter-
0° and 45° (Figures 13a-c, 14a). Moreover, for the spherical
quartz indenter, the higher the radius of the spherical quartz
indenter, the higher the absolute value of the average sliding
force (Figure 14a). This result is significantly related to the
contact area between the quartz indenter and the epoxy substrate
(Figure 15), the indenter force (F,), and the deformation of the
epoxy substrate.

As shown in Figures 13 and 14b, the evolution of the force with
the sliding distance and the average sliding force for pyramid
indenter-0° and 45° are very close, due to the same contact area
between the quartz indenter and the epoxy substrate at the same
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FIGURE 11 | Evolution of forces on spherical quartz indenter (R = 14.5 A) with sliding distance under different indentation depths (h.) of (a) 4, (b)
7,(c) 10, (d) 16, (e) 22, and () 25 A.

Sliding distance =30 A, Sphere (R =14.5 A) between the quartz indenter and epoxy. Moreover, the higher the
radius of the quartz indenter was, the higher the forces along the
y- and z-directions were (Figure 16¢c-f).

3.3 | Discussion

3.3.1 | Friction Coefficient Evolution During
Nanoscratching

The friction coefficient is a key parameter for understanding the
resisting behavior of materials during friction or nanoscratching.
Figure 17 shows the relationship between the friction coefficient
and h /R for various spherical quartz indenters, where the friction
coefficient is the ratio between F, and F, (see Figure 16). The
friction coefficient for some spherical indenters at h.,/R > 0.75
=14.5 A) and epoxy substrate at a sliding distance of 30 A under different was superior to 1.0 (Figure 17), which was consistent with
he. previous MD nanoscratching studies [29, 51] and experimental
friction/wear results [52-54]. Moreover, Jahanshahi et al. [55]
investigated the mechanical properties of granular y-alumina
h. of 4 A. However, the average sliding force of all spherical quartz using experimental nanoscratching and found that the friction
indenters was superior to that of the pyramid indenter-0° and 45° coefficient increased from 0.72 to 0.9 with the increase of indenter
(Figure 14a), even for the spherical indenter (R = 10 A). force and indenter depth (see Figure S2). As shown in Figure
S2, it could be inferred that the friction coefficient could further
As shown in Figure 16, the relationship between forces along the increase with rising indenter force/depth, potentially exceeding
y- and z-direction and h, for all systems are significantly linear, 1.0.
while no obvious pattern is observed for F, with the spherical
quartz indenter (R = 10 A) (see Figure 16d). Due to the relatively According to the classic Coulomb’s law of friction, the conven-
small radius of the spherical indenter (R = 10 A), the whole tional friction coefficient of most materials is usually considered
indenter could completely penetrate into the epoxy substrate at to be 0-1.0. However, in some specific cases, it could be higher
h. over 20 A (Figure 17), causing a more complex interaction than 1.0, such as silicone rubber (~2.25) [52], rubber and flooring

FIGURE 12 | Shear strain of atoms for spherical quartz indenter (R
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(0.4-1.8) [53], nylon (1.0-2.0) [54], etc. Moreover, negative friction
coefficients (<0) have been observed in superlubric graphite-
hexagonal boron nitride heterojunctions [56]. The complex
friction properties of materials are significantly related to a
number of factors, such as surface roughness, adhesion effect,
contact area, lubrication status, and external environmental
factors, where the adhesion effect of materials at the microscale
was particularly dominant (see Figure S3).

To sum up, the classic Coulomb’s law of friction does not apply
at the nano- and microscale [57-59]. The friction coefficient
could increase with rising indentation depth or h./R during
nanoscratching (Figure 17), which is mainly due to the adhesion
effect between materials. For example, the surface atomic inter-

actions, the surface roughness of the epoxy substrate, and the
surface interlocking effect between quartz and epoxy significantly
increase with rising h./R, resulting in a higher sliding force and
friction coefficient.

3.3.2 | Mechanical Analysis Between Macro- and
Microscales

There is a space and time scale difference between MD nanoin-
dentation simulations and its experiments, the size in nanoinden-
tation experiments being in the order of tens-hundreds times that
of MD nanoindentation simulations due to the computational
limitations [30]. Moreover, in MD simulations, the space scale of
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quartz models is usually ~ nm, and its crystal structure at the
microscale is usually perfect. However, the size of real quartz
particles is ~ ym to mm, containing polycrystalline defects,
grain boundaries, and dislocations [60]. Thus, it is necessary to
develop cross-scale research methods to explore the multiscale
mechanical behavior of these materials.

This study focuses on the atomic-level interaction mechanism
of the quartz-epoxy interface, and the MD simulation results
could provide basic input for the construction of larger-scale
(e.g., ~ um) contact models, such as the coarse-grained molecular
dynamics (CGMD) approach [61]. On the one hand, this work can
provide key microscopic insights and existing mechanisms, but it
cannot be directly applied to geotechnical engineering [62, 63].
On the other hand, the modeling of the macroscopic mechanical
response of the soil-FRP system requires an upscaling method,
which could integrate microscopic mechanisms within a contin-
uum approach, combining CGMD, discrete element method, and
finite element method [64, 65].

3.3.3 | Future Works

Based on the findings of this study and previous works, several
future works are worth conducting:

1. As shown in Figure 6a, there is an adhesion effect between
the epoxy substrate and the quartz indenter during the
nanoindentation process. Virtual indenters could further
elucidate the impact of this adhesion on MD nanoindentation
and nanoscratching results by comparison to the effect of the
quartz indenter.

2. The adhesive properties between soil and FRP will be
essential for evaluating the interfacial properties of external
factors, such as hydration, temperature, etc. Moreover, to
increase the system’s size and complexity, the periodic bound-
ary conditions (PBCs) can be used in the x- and y-directions
for quartz and epoxy, as shown in Figure S4.

3. The methodologies and findings of this study apply not
only to existing FRP materials but also to the evaluation
and optimization of modified FRP materials. Thus, the
mechanical properties of new high-performance geomateri-
als at the microscale could also be performed through MD
nanoindentation and nanoscratching in the future.

4. Based on the discussion of Section 3.3.2, a multiscale corre-
lation method of “microscopic mechanism—coarse-grained
modeling—continuum mechanics” is worth developing, pro-
viding the multiscale insight and mechanism of material
behavior.

4 | Conclusions

The MD simulation method was employed to investigate the
quartz-indenter shape and indentation depth (k) effect on the
interfacial mechanical behavior of epoxy through nanoinden-
tation and nanoscratching, considering two Vickers-type and
four spherical indenters with varying radii (R) under different
h. conditions. This work provided an atomistic insight into the

fundamental mechanisms governing the interfacial behavior of
epoxy—quartz. The main conclusions are as follows:

1. During MD nanoindentation, the elastic-plastic deformation
of epoxy and the indentation force (F,) gradually increased
with the indentation depth (h.) and the radius of spherical
indenter during the loading stage, due to the stronger inter-
actions between the epoxy substrate and the quartz indenter.
The plastic deformation zone expanded outward.

2. The values of reduced modulus (E,) ranging from 1.84 to
6.17 GPa and Young’s modulus (E) from 1.58 to 5.29 GPa
for epoxy resin obtained in this work were consistent with
previous experimental results.

3. The amorphous properties of epoxy resin resulted in the
absence of a pop-in point during nanoindentation, aligning
with previous experimental nanoindentation. Moreover, dur-
ing the unloading stage, the negative value of F, was due to
the adhesion effect between epoxy and quartz, as verified by
previous MD studies.

4. In MD nanoscratching, the absolute value of forces in the y-
and z-directions could increase with increasing the radius of
spherical quartz indenter and h, attributed to a larger contact
zone and higher elastic—plastic deformation of epoxy.

5. For some spherical indenters, the friction coefficient could
increase with rising indentation depth, exceeding 1.0 at
h./R > 0.75, which was mainly due to the adhesion effect
and surface interlocking effect between quartz and epoxy.
Moreover, the classic Coulomb’s law of friction was not
applicable at the microscale or nanoscale.
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