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Abstract: This paper presents a study on all-atom molecular dynamics (MD) simulations of fibre-
matrix interfaces in fibre-reinforced polymer (FRP) composites, with a focus on the effect of fibre
sizing. The reactive force field ReaxFF was used in the simulations. The sizing treatment was found
to significantly increase the interface toughness while has little effect on the peak stress of fibre-
matrix interface. The characteristics of the fracture surfaces and the scission of C-O bonds observed
in the simulations are consistent with pervious experimental observations. The developed
modelling method opens up a new avenue of investigating the deterioration mechanism of FRP
under combined mechanical-chemical-thermal actions.
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1. INTRODUCTION

Fibre-reinforced polymer (FRP) composites, consisting of continuous fibres embedded in a
polymeric matrix, have emerged as a durable construction material in the past three decades [1-2].
The use of FRP composites for strengthening existing structures has become a mainstream
technique [3-9], while their use for new construction is gaining increasing acceptance [10-15]. In
an FRP composite, the properties of the fibre-matrix interfaces are critical for the force transfer
among the fibres and the matrix [16]. Existing studies have shown that the deterioration of fibre-
matrix interfaces, due to thermal cycles, moisture and other environmental actions, may have
significant effects on the mechanical properties of the FRP composites [17-20].

The majority of the existing studies on the mechanical and durability properties of FRP have been
based on macroscale experiments and/or modeling [21-25]. To account for the presence of defects
(e.g., pores) and the crack development within the material/structure, some studies have adopted
the mesoscale modelling approach (e.g., [26-27]). Such modeling, however, is still based on
continuum mechanics and thus cannot be used to explore micromechanisms at the
atomic/molecular level. In recent years, some researchers [28-33] have also adopted advanced
experimental techniques for microscopic characterization [e.g., using scanning electron
microscopy (SEM), transmission electron microscopy (TEM) or X-ray computed tomography (CT)]
and elemental/chemical analysis [e.g., using Raman spectroscopy, Fourier transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS)]. These studies have provided some
new insights into the properties of FRP and the roles of fibre-matrix interfaces, but the experimental
techniques still do not allow the dynamic morphological evolution and chemical changes to be
observed in situ at the nanoscale.
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As a nanoscale simulation method, molecular dynamics (MD) simulation has been widely used in
physics, mechanics, chemistry, and biology to explore micromechanisms and for understanding of
the dynamic process at the atomic/molecular level. The use of MD simulation on the mechanical
and durability properties of FRP has also been explored by some recent studies. In particular, the
debonding mechanism at fibre-matrix interfaces of FRP has been investigated by MD simulation
of the tension and/or shear processes of the interfaces in various environments (e.g., dry, wet and
salt environments) [34-40]. With the MD simulation, the fibre-matrix interaction at the
atomic/molecular level can be captured, and the fundamental debonding mechanism can be
revealed by examining the changes in the configuration and energy/forces of the interfaces [38-39,
41-42]. In addition, MD simulations have been used to simulate the integrity and mechanical
properties of FRP-concrete interfaces under different conditions (e.g., conformational changes and
detaching of epoxy resin on C-S-H surfaces in aggressive environments such as moisture [43], salt
solution [44], and sulfate solution [45]).

The existing studies on the MD simulation of fibre-matrix interfaces of FRP have mostly only
considered nonbonding interactions (i.e., van der Waals forces and hydrogen bonds) between the
fibres and the matrix [37, 41-43]. Apparently, such a treatment cannot simulate the mechanism
associated with the breakage of chemical bonds due to mechanical and/or environmental actions at
the interfaces. Chemical bonds between the fibres and the matrix, however, generally exist in
commercial FRP products due to the application of a sizing layer (e.g., with a silane coupling agent)
on the fibre surfaces which reacts with both the fibres and the matrix, and thus improve the adhesion
between them [46-49]. Indeed, the fibre sizing has seldom been considered in the MD simulation
of the existing studies. To the best of the authors’ knowledge, only Zhang et al. [50] built the sizing
layer into their molecular interface model, but the model used the classical force field which
assumes the bonds between atoms are unchanged and thus cannot simulate the formation or
breaking of chemical bonds. The oversimplification of the existing studies in this important issue
might be due to the complexity in the construction of a model with chemical bonds properly formed
between the components, as well as the relatively high computational costs. To simulate chemical
reactions, reactive force fields (e.g., REBO [51] and ReaxFF [52-53] force fields) are generally
required.

Against the above background, this paper presents a study on all-atom simulations of fibre-matrix
interfaces, in which the roles of van der Waals forces, hydrogen bonds, and chemical bonds at the
interfaces are all duly considered. The ReaxFF MD simulations were performed on fibre-matrix
interfaces with and without fibre sizing to investigate its effect on the interfacial behaviour. In the
following sections, the construction of MD models and the use of them for the simulation of tension
process at the fibre-matrix interfaces are first presented, followed by discussions of the simulation
results.

2. MODELLING METHODS
The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [54] was used to
perform MD simulations for construction of the models and the tension process at the fibre-matrix

interfaces. Details of the simulation methods are provided in this section.

2.1. Construction of Models



Two models were constructed in this study, including an untreated fibre (i.e., without sizing)-
matrix model and a sizing-treated fibre-matrix model. The construction process of the latter
contained two steps: (1) grafting the sizing onto the fibre surface; (2) cross-linking of the polymer
matrix and coupling of the matrix with the (grafted) fibre surface. For the former model, only the
second step above was involved. Classical MD simulations were used with the consistent valence
force field (CVFF) for both steps. Although this method cannot simulate the actual chemical
reaction process, it allows chemical bonds between reactive atoms to be formed based on the
distance between them [55-56], at a relatively low computational cost. Therefore, the models
constructed using this method are adequate for the purpose of the present study which is focused
on the simulation of the dynamic process of fibre-matrix interfaces under tension (i.e., debonding
simulation); the method of debonding simulation is presented in the next section.

The CVFF adopted for construction of the models is based on ab initio calculations and
experiments [57]. The total potential energy considered in the CVFF consists of two parts, namely,
the bond energy Ep,n,q and the nonbond energy E,qnbond; the detailed equations describing the
two parts are given in Appendix A. The formation of chemical bonds between reactive sites is
assumed to occur when their distance is less than 2.5 A. The choice of this distance ensures that
the initial bond forces arising during the process are not overly large while an adequate degree of
coupling can be obtained [58]. The van der Waals interactions are calculated with a cutoff distance
of 12 A, and the electrostatic interactions are described by the Ewald method with a cutoff distance
of 10 A. These cutoff distances are large enough to describe the nonbonding interactions [59].

Silica (quartz) with a size of 16.5 X 157.2 X 86.5 A was selected to model the glass fibre [60].
The size of silica model in the present study was chosen based on similar existing studies and is on
the higher end compared to other studies (e.g. [32], [34-35], [39-40]). Considering the presence of
unsaturated oxygen on the silica surface, the surface was hydroxylated [61]. Silane is widely used
as a coupling agent between glass fibres and polymers (i.e., fibre sizing) [46-47]. In this study, 64
3-aminopropyltriethoxysilane (APTES) molecules were directly grafted [62] onto the fibre surface.
A total of 3200 diglycidyl ether of bisphenol A (DGEBA) (epoxy) and 1, 3-Phenylenediamine
(mPDA) (curing agent) monomers were used to model the polymer matrix.

2.1.1. Modelling of silane grafting

The process of grafting silane onto a silica surface was modelled in two steps [63-64]: (1)
hydrolysis of the silane (Figure 1a); (2) formation of chemical bonds between the hydrolyzed
species and the silanol groups of the hydroxylated silica surface (Figure 1b). In the modelling
process, the 64 silane molecules were uniformly grafted on the fibre surface with a coverage degree
of 0.47 nm2,

2.1.2. Modelling of cross-linking of polymer matrix and its coupling with fibre surface

The 3200 DGEBA and mPDA monomers were randomly placed in the simulation box in a one-to-
one manner, in which the silica was placed at the bottom. The cross-linking of polymer matrix (i.e.,
the coupling between DGEBA and mPDA monomers, see Figure 1¢) was performed on the surface
of'silica with periodic boundary conditions in the y and z directions (i.e., parallel to the fibre-matrix
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interface, see Figure 2), so that a periodic cross-linked polymer matrix can cover the fibre surface
and potential defects (e.g., warping and debonding) at the edge of the contact area between the
matrix and the fibre can be largely avoided. Such a periodic model provides a desirable interface
for further investigation of the debonding mechanism. The size of the epoxy model is sufficiently
large for the micromechanics investigated and is on the higher end compared to other similar
studies (e.g., [32-40]).

For the model with a sizing layer, the amine group on the silane can also form chemical bonds with
the epoxy [i.e., between the diamine reaction site (blue circle) in the silane and the diepoxide
reaction site (red circle) in the DGEBA monomer, see Figure 1d]; this coupling process was
simulated simultaneously with the cross-linking of polymer matrix. Figure 3a illustrates the process
of constructing the model of treated fibre-matrix interface, while Figure 3b shows a snapshot of
part of the interface model after coupling. It is evident from Figure 3b that the contact between the
matrix and the fibre is extremely good.

To form the desired periodic cross-linking models, two steps were taken and the NVT (constant
number of atoms, volume and temperature) ensemble was used for both steps. In the first step, a
virtual wall was used to compress the loose monomers in the x direction until the mass density of
the matrix was close to 0.8 g/cm?, which is not too small (i.e., the monomers not being too loose)
but is still considerably smaller than that of a typical cured matrix (i.e., 1.17~1.38 g/cm®) [65-67].
The temperature was controlled at 380 K in this step. In the second step, the virtual wall was
removed and the cross-linking simulation was performed at a temperature of 380 K for 0.7 ns as
the cross-linking becomes extremely slow afterwards. The resulting cross-linking degrees are 71.4%
and 73.9% for the models with and without sizing treatment, respectively. The two values are
sufficiently close for the two models to serve in a comparative study, and are both close to those
reported in the existing experimental studies on DGEBA/mPDA polymer (e.g., [65]).

2.1.3. Relaxation of models

After the cross-linking processes, the two models were relaxed to reduce the stress concentration
inside the matrix [68]. The relaxation of the models was performed with the NPT (constant number
of atoms, pressure and temperature) ensemble for 0.5 ns, where the pressure in the y and z
directions was controlled at 1 atm. In this process, the temperature gradually dropped from 420 K
to 300 K within the first 24 ps and then remained at 300 K. The Nose’—Hoover thermostat [69-70]
with a timestep of 0.5 fs was employed to regulate the temperature. The way that the temperature
of the relaxation process was controlled is shown in Figures 4a and 4b. It should be noted that,
instead of using the CVFF, the relaxation process for both models was simulated with the ReaxFF
force field [71], which is consistent with the subsequent debonding simulation presented in detail
in the next section.

2.3. Simulation of Debonding

The debonding at the fibre-matrix interfaces was simulated by a tension process. As the debonding
process may involve the breakage of chemical bonds, especially for the sizing-treated fibre-matrix
interface, the ReaxFF force field [71], which is a reactive force field, was used in the simulation.
The total potential energy of the ReaxFF force field has a more complicated form than that of the
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classical force field or the CVFF, so that it can directly simulate the actual chemical reaction
process. The equations describing the total potential energy of the ReaxFF force field as well as all
the energy terms, which are functions of the bond order, are given in Appendix B. Each model in
the present study contains about 125,000 atoms involving computations of over 90,000 core hours,
which is a large system for reaction force field simulations and is even larger than most fibre-matrix
interface models (e.g., [32-40]) used in classical MD which does not consider covalent bonds.

In the debonding simulation, the top region of the matrix was fixed (Figure 2). The middle region
(unfixed part) was simulated with the NVE (constant number of atoms, volume and energy)
ensemble and the temperature was controlled at 300 K with a timestep of 0.5 fs. The tensile velocity
of the bottom region of the fibre, which moved as a rigid body, was 20 m/s.

During the simulation process, the viral stress (see Appendix C for the equation describing the viral
stress tensor) [72] of the middle region of the matrix were recorded every 500 steps. The so-called
true stress or Cauchy stress [72] of the matrix can then be obtained by statistically averaging the
virial stress of the matrix in the middle region. The stress-time curve was filtered with a 30-point
fast Fourier transform (FFT) smoothing to eliminate thermal noises.

3. RESULTS AND DISCUSSIONS
3.1. Mass Density of Matrix

The mass density of the matrix is an important parameter for the behaviour of fibre-matrix
interfaces. For example, it is well known that the attractive force between two flat surfaces due to
the van der Waals interaction is proportional to the atomic number density, and thus the mass
density, of the two surfaces according to the Hamaker’s constant [73]. In reality, the mass density
of the matrix depends on many factors including the types of monomers (e.g., DGEBA and mPDA),
the resin-curing agent (e.g., DGEBA-mPDA) ratio, the temperature, the degree of cross-linking as
well as the distribution and sizes of nano or subnano voids inside the matrix. The mass density of
the matrix in the two models presented above are reported and discussed here, while further
investigation into the effect of mass density of matrix on the interfacial behaviour is beyond the
scope of this paper.

Figures 4a and 4b show that the density of the cross-linked matrix in the two models first increased
in the relaxation process due to the decreasing temperature, and then became nearly constant after
40 ps when the temperature had been made stable at 300 K. The mass density of the matrix after
40 ps is 1.28 g/cm® for that in the sizing-treated fibre-matrix model (degree of cross-linking:
71.4%) and is 1.29 g/cm? for that in the untreated fibre-matrix model (degree of cross-linking:
73.9%). The slight difference between the two values is believed to be due to the different degrees
of cross-linking. It should be noted that these values are also close to the theoretical and
experimental mass densities of DGEBA/mPDA reported in the existing studies (e.g., [61-62, 65]),
demonstrating the validity of the modelling method in the present study.

3.2. Debonding Process of Untreated Fibre-Matrix Interface

The stress-displacement curve obtained from the MD simulation of the untreated fibre-matrix
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interface is shown in Figure 5a in which the stresses are calculated by statistically averaging the
virial stresses of all atoms in the unfixed region (i.e., true stress, see Section 2.3), while the
displacement is taken as the elongation of the matrix. Hereafter in this paper, the stress and the
displacement refer to those calculated/taken in the same way unless otherwise specified. Four
typical states (I-IV, marked on the curve in Figure 5a) in the debonding process of the untreated
fibre-matrix interface are illustrated in Figures 5b-e, respectively.

State I refers to the state of peak stress. It is evident from Figure 5b that at State I, the matrix is still
in good contact with the fibre. After State I, the matrix starts to become detached from the fibre
surface with a decreasing stress until State II is reached at a displacement of 1.2 nm, which is the
cutoff distance for nonbonding interactions (see Section 2.1). At State II, Figure 5c shows that a
small portion of the matrix still adheres to the fibre surface, and there is still a small tensile force
between the two. This is because some of the polymer chains on the surface of the matrix slip off
from the main body by breaking the intermolecular interaction (van der Waals forces and hydrogen
bonds) between these and other chains in the matrix, due to the adhesion between the fibre and the
matrix. With the increase of displacement, an increasing number of the remaining polymer chains
at the fibre surface are pulled back due to the limited slippage length of the chains. As a result, the
stress generally decreases with the displacement in this process. Figure 5d shows that at State III,
only a few polymer chains are still attached to the fibre, while Figure 5e shows that at State IV
when the stress is zero at a displacement of around 4.7 nm, all polymer chains are detached, leaving
only a very small number of residues (monomer molecules and free radicals) on the fibre surface.

With the stress-displacement curve (Figure 5a), the interfacial tensile strength (i.e., peak stress of
the curve) and toughness (i.e., area under the curve) can be found to be 286.2 MPa and 0.26 J/m?,
respectively. In addition, the elastic modulus of the matrix may be found from the initial linear
portion of the curve. At the initial stage, the displacement Ad comes only from the deformation
of the matrix which is perfectly adhered to the fibre surface (i.e., no displacement at the interface).
Considering also that periodic boundary conditions are applied in the two directions (y and z)
parallel to the interface, the deformation of the matrix in the x direction can be considered to be
uniform over a y-z plane. Therefore, the true strain &, of the matrix can be calculated by
Erue = Ad /Ly, where L is the initial length of the unfixed part of the matrix. The elastic modulus
of the matrix can be calculated to be 4.39 GPa by Ey = Oirye/Erue (Figure 5a), where Oipye 18
the true stress. This value (i.e., 4.39 GPa) falls in the range of the elastic modulus of
DGEBA/mPDA matrices tested in the previous studies (i.e., from 3.30 GPa to 4.75 GPa, see Table
1) [44, 65-66, 74-76], but is on the higher side and appears to be higher than most reported
experimental values. This is not a surprise considering that a high strain rate was adopted in the
MD simulation and that the test values in the previous studies may have been negatively affected
by random imperfections in the test materials which were not included in the MD models.

A comparison can be made between the interfacial toughness and the work of adhesion W;, which
is defined as the reversible thermodynamic work required to separate the interface from the
equilibrium state of two phases to a separation distance of infinity [77-78]. W;, can be obtained
from the change of total potential energy AE,, per unit area during a separation simulation which
involves no irreversible energy dissipation, as shown in Figure 6. The work of adhesion (i.e., 0.23
J/m?) found in this way is close to the toughness (i.e., 0.26 J/m?) of the untreated fibre-matrix

interface, suggesting that the debonding of this interface involves little inelastic energy dissipation.
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3.3. Debonding Process of Sizing-treated Fibre-Matrix Interface

Snapshots of the debonding process of the sizing-treated fibre-matrix interface at different
displacements are shown in Figure 7. It is evident that the debonding process is quite different from
that of the untreated fibre-matrix interface especially at the late stage with large displacements (see
Figures 5 and 7). This is mainly due to the additional covalent bonds introduced by the silane
coupling agent as the fibre sizing, as discussed in detail below.

Figure 8 shows the stress-displacement curve of the sizing-treated fibre-matrix interface and
compares it with that of the untreated fibre-matrix interface. The stress-displacement behaviour of
the two interfaces appears to be similar in the initial stage (Stage I in Figure 8), suggesting that the
role of covalent bonds is insignificant at small displacements, as the polymer chains at the interface
are still in the coiled state then [79]. The slight differences between the two curves in Stage I
(Figure 8), including that in the peak stress, may be due to a number of factors including the
difference in the nonbonding interactions caused by the sizing which changes the fibre surface as
well as the slight difference in the cross-linking degree of the two models. The maximum stress is
274.6 MPa, and the tensile modulus was found to be 4.14 GPa based on the stress-displacement of
the sizing-treated fibre-matrix interface.

By contrast, Figure 8 shows that the stress-displacement curves of the two models are significantly
different after a displacement of around 1.5 nm (i.e., in Stage II). Different from the rapidly
descending curve of the untreated fibre-matrix interface, the curve of the sizing-treated fibre-matrix
interface is much longer with a sawtooth pattern and a large ultimate displacement (i.e., around 34
nm). As a result, the interfacial toughness of the latter (i.e., 2.85 J/m?) is much larger than (over
ten times) that of the former (i.e., 0.26 J/m?). The above observations suggest that chemical bonds
at the interface play an important role in Stage II. Because of the strong covalent bonds between
the matrix and the sizing-treated fibre, the polymer chains initially connected to the fibre remain
adhered to the fibre despite the increasing displacement, resulting in continuous slippage and
tension, and thus increasing virial stresses of these chains. Consequently, the interface exhibits a
hyperelastic behaviour, as also revealed by the previous studies (e.g., [80-81]); the extent of
hyperelasticity depends on the density of connection achieved by covalent bonds (i.e., the coverage
degree of the sizing) at the interface. With further increase of the displacement, the chemical bonds
in some of the polymer chains may break, and the sawtooth pattern of the second-stage curve is a
result of the combined actions of the slippage/tension and the breakage of covalent bonds of the
chains. Figure 9 shows typical snapshots of the breakage of covalent bond and the slippage of
polymer chains. The above process continues with the increase of displacement until the stress is
zero when all connections are broken.

By comparing these mechanical parameters of the two models, it is evident that the fibre sizing
leads to a significant increase in the interfacial toughness while has little effect on the peak
interfacial stress, suggesting that the latter depends mainly on nonbonding interactions (i.e., van
der Waals interactions and hydrogen bonds) while the former depends significantly on the chemical
bonds. It may also be noted that the fibre sizing has a significant effect on the debonded interface.
The fibre surface of the sizing-treated model after debonding has many residual polymers,
molecules, and free radicals (Figure 7h), while the untreated fibre surface is relatively clean after
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debonding (Figure 5e). In addition, a significant number of relatively high ridges are formed on the
surface of the sizing-treated fibre and the corresponding matrix after debonding, while the
debonded fibre-matrix interface without sizing is relatively smooth, as shown in Figure 10. The
above observations from the MD simulations is consistent with those reported by many
experimental studies (e.g., [47, 82]).

3.4. Mechanochemical Process in Debonding Simulations

When a fibre-matrix interface is under tension, the tensile stress deforms chemical bonds, reduces
the energy needed to break chemical bonds, and thus increases the probability of thermal scission
of the deformed bonds [83]. This mechanochemical process has seldom been investigated in the
previous MD studies on fibre-matrix interfaces, as they mostly performed classical MD simulations
which cannot simulate the breakage of chemical bonds. In the present study, the ReaxFF force field
was adopted, which allows the mechanochemical process to be examined in the debonding
simulations.

The chemical bond evolution in the debonding process of the two fibre-matrix interface models are
evaluated by counting the covalent bonds since tension is applied to the interface. The cutoff
lengths of various covalent bonds for counting are listed in Table 2. Three kinds of covalent bonds
are involved in this process, namely, the C-O bonds (i.e., ether linkage), the O-H bonds and the N-
H bonds. Among the three, the most critical bond is the C-O bond (ether linkage), which, as a
covalent bond in the main chain, directly affects the chain connection or the chain length; the
scission of ether linkages of the main chain was reported in the experimental degradation studies
of epoxy resin [84-85].

The evolution of total covalent bonds and the C-O bonds is shown in Figures 11a and 11b,
respectively, for the untreated fibre-matrix model, while the corresponding results for the sizing-
treated fibre-matrix model are shown in Figures 11c and 11d. It is found that although there is no
covalent bond between the untreated fibre and the matrix, 0.2% of the total covalent bonds and
3.25% of the C-O bonds inside the matrix are broken during the debonding process of the interface.
For the sizing-treated fibre-matrix interface, the breakage of covalent bonds is more severe: nearly
0.4% of the total covalent bonds and 8.5% of C-O bonds are broken during the debonding process.

It should be noted that the mechanochemical process is an issue of great complexity, and is affected
by many factors including the strain rate and the temperature. In addition, the process involves not
only the breaking of chemical bonds but also the formation of new chemical bonds. A full
understanding of the mechanochemical process in an FRP composite under various mechanical and
environmental actions is of fundamental importance to clarify the deterioration mechanism of the
composite. While this is beyond the scope of the present study, the MD simulation method with
the ReaxFF reactive force field adopted here has been shown to be able to capture the
mechanochemical phenomena as well as their effects on the mechanical properties of FRP
composites. This simulation method therefore provides a potentially effective way to explore the
deterioration mechanism of fibre-matrix interfaces.

4. CONCLUSIONS



This paper has presented a study on all-atom simulations of the debonding process of fibre-matrix
interfaces with and without fibre sizing. Two models were constructed using the classical MD
simulations with the CVFF, and periodic boundary conditions were applied along the interfaces;
DGEBA and mPDA were used to model the polymer matrix, silica was used to model the glass
fibre, while silane was used to model the fibre sizing. The ReaxFF were then used for the MD
simulations of the debonding process of the two models, so that the breakage of chemical bonds in
this process, which is particularly important for sizing-treated fibre-matrix interface, was
appropriately simulated.

The method of constructing the two models has been shown to be valid and efficient, as
demonstrated by the satisfactory degrees of cross-linking of the matrix in the models, as well as
the fact that the simulated mass densities of the matrix are close to those reported in the previous
experimental and theoretical studies on DGEBA/mPDA matrices.

The ReaxFF MD simulations have allowed the entire debonding process of the two interface
models to be examined in terms of the stress-displacement curve, the fracture fibre/matrix surfaces,
the interfacial mechanical properties and the mechanochemical interactions. The following
conclusions can be obtained based on the results and discussions presented in the paper.

(1) The stress-displacement curve of the interface without fibre sizing possesses a rapidly
descending branch after the peak stress. By contrast, the post-peak branch of the curve of
the sizing-treated interface exhibits a sawtooth pattern and a much larger ultimate
displacement. The sawtooth pattern of the curve is a result of the combined actions of the
slippage/tension and the breakage of covalent bonds of the polymer chains which are
adhered to the fibre surface.

(2) The sizing treatment with its resulting covalent bonds at the fibre-matrix interface appears
to have little effect on the peak stress of the interface but significantly increases the interface
toughness (i.e., by around 10 times). The much larger interface toughness of the sizing-
treated interface is mainly due to the energy dissipated by breaking covalent bonds as well
as the significantly enhanced local inelastic deformation induced by covalent bonds in the
debonding process.

(3) After debonding, the fracture surfaces of the model without fibre sizing are relatively
smooth and clean, while the fibre surface of the sizing-treated model has many residual
polymers, molecules, and free radicals. In addition, a significant number of relatively high
ridges are formed on the surface of the sizing-treated fibre and the corresponding matrix
after debonding.

(4) The tension process of fibre-matrix interfaces increases the probability of thermal scission
of covalent bonds. The breakage of covalent bonds was found to occur in the polymer
matrix of the models with and without fibre sizing, but a significantly larger number of
broken covalent bonds were observed in the former.

The conclusions from this study provide insights, at the atomic level, into the fundamental
debonding mechanism of fibre-matrix interfaces with or without fibre sizing under tension. The
characteristics of the fracture surfaces and the scission of C-O bonds (ether linkages) observed in
the MD simulations are consistent with pervious experimental observations. Importantly, the
modelling method developed and adopted in this study, with the reactive force field, has been
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demonstrated to be effective in simulating the mechanochemical process including the formation
and breakage of covalent bonds under stresses. This method therefore opens up a new avenue of
investigating the deterioration mechanism of FRP composites under combined mechanical-
chemical-thermal actions (e.g., in marine environments).

It should be noted that this modelling method may also be used to generate fundamental
thermodynamic and kinetic information for upscale modelling. With this information as the inputs,
the evolution of complex interfaces and defects (e.g., cracks and voids) can be predicted by the
phase field method. Such evolutionary patterns may be expressed by a probability function and be
further used to predict the macroscopic mechanical and durability properties of the
material/structure by a finite element method. By adopting the abovementioned multi-scale
modelling approach, the micromechanisms of the effects of various issues/variables involved in
the production process of FRP (e.g., graft coverage, curing degree, surface roughness) on its
macroscopic properties can be clarified, which may be used to provide fundamental
recommendations for the design and application of FRP in the construction and building industry.
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Appendices
Appendix A. Total potential energy of classical MD simulation
The total potential energy considered in the classical MD simulation with the CVFF consists of

two parts (i.e., the bond energy Eyonq and the nonbond energy Eyonbond)> as €xpressed by the
following equation [57]:

E= Ebond + Enonbond
=Sk (1-1,) + D k(0-6,) + > k[1+cos(np—-¢,)]. (A1)
bonds angles torsion

12 6
1] e
vdW r r.

1y 1

In Eq. Al, Epgng is the sum of the bond, angle and torsion energies. On the right side of Eq. Al,
the first term represents the energy between covalently bonded atoms, where kj,, [ and [, are
the spring constant of the harmonic bond and the real and equilibrium bond distances, respectively;
the second term represents the energy due to the geometry of electron orbitals involved in covalent
bonding, where k,, 8 and 6, are the force constant of the angle bond and the real and
equilibrium angles, respectively; the third term represents the energy of twisting a bond due to the
bond order and neighboring bonds, where ki, n, ¢ and ¢, are the force constant, the
periodicity, the dihedral angle and the factor phase, respectively. E,onpong DEtWeen two atoms i
and j separated by 7;; is the sum of the Lennard-Jones (LJ) potential (the fourth term on the right
side of Eq. A1) and the electrostatic potential energy (the last term on the right side of Eq. Al).
Here, &; is the depth of the LJ potential well; oy is the zero-potential distance; k. is the

electrostatic constant; q; and g; are the charges of the corresponding atoms.

Appendix B. Total potential energy of ReaxFF MD simulation

The total potential energy considered in the ReaxFF force field has a more complicated form as
follows [53]:

EF=F +E+E +FE + FE +E . tE. .

bond over under val (B 1 )
+E + ECOHJ + EHbond + EVdW + ECoulomb

The specific meaning and expression of each energy term in Eq. B1 can be found in the references

[53]. All the above energy terms are functions of the bond order. The bond order BOj; is defined
as a function of the distance 7;; between atoms, and the definitions of single bond BOj, double
bond BOj, and triple bond B 011]T1T in chemistry are used to divide the bond order into three parts

of chemical significance [53]:
BO; = BO; + BO; + BO;". (B2)
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Appendix C. Virial stress tensor of an atom

The virial stress tensor of an atom is shown as follows [72]:
a:é<—2mava®va+%z raﬁ®faﬁ>, (C1)
o o,B#o

where () is the volume of the selected observation space; m, and v, are the mass and velocity
of atom a, respectively; 7qg is the position vector from atom a to atom [;and f,g is the force
of atom  onatom o« in the conservative system.
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Table 1. Material properties of DGEBA/mPDA at approximately 300 K

400 K-24 HR

Densit Tensile Cross-link
DGEBA/mPDA ( /cm3}), Modulus Degree/Curing Method
& (GPa) Conditions
This study 1.29 4.34 73.9% ReaxFF MD
MD
Ref. [44 1.17 2.83 80.0°
of. [44] 4 (COMPASS)
Ref. [74] - 3.92 80.0% MD (PCFF+)
Experiment/
Ref. [65] 1.34/1.38 — ~100% Theoretical
analysis
Ref. [66] 1.21~1.22 3.55~4.5 — Experiment
Ref. [67] 1.20 — — Experiment
348 K-2 HR, )
Ref. [75] — 3.30 308 K2 HR Experiment
45 K-24 HR
Ref. [76] - 3.60 ~4.02 345 ’ Experiment




Table 2. Cutoff lengths of different covalent bonds for counting

Bond Type Cutoff length (A)
C-C 1.80
C-H 1.40
C-N 1.65
C-O0 1.70
C-Si 1.85
N-H 1.45
O-H 1.20

O-Si 1.80
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Figure 1. Schematics of chemical reactions: (a) silane hydrolyzing; (b) grafting procedure
of hydroxylated glass fibers; (c) curing procedure between epoxy and curing agent; and (d)
curing procedure between epoxy and grafted glass fibers.
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Figure 2. Initial MD model before tension process
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Figure 3. All-atom modeling process: (a) grafting and curing; (b) snapshot of part of the sizing-

treated interface after curing
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Figure 4. (a) Variation of temperature and density of the matrix in the relaxation process of the
model with sizing treatment; (b) variation of temperature and density of the matrix in the
relaxation process of the model without sizing treatment.
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Figure 5. (a) Stress-displacement curve of the debonding process; and (b-e¢) snapshots of
different states in the debonding process of the untreated fiber/matrix interface.
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Figure 6. Evolution of potential energy in the separation of two surfaces Note: y; and y, are

the surface energies of the two substances being bonded, respectively; y;, is their interfacial

energy.



Figure 7. Snapshots of different states in the debonding process of the treated fiber/matrix

interface: (a-h) Displacement from 1 nm to 35 nm.
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Figure 8. Stress-displacement curves of the debonding process



i o
& Covalent bond

} breakage {i

Figure 9. Polymer chains in the debonding process: (a) Inside perspective view of the

connected chains between fiber and matrix; (b) Covalent bond breakage; (c¢) Chain slippage
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Figure 10. Fracture surfaces of the two interface models: (a-b) The untreated fiber/matrix
interface: (a) top view (left) and side view (right) of fracture surface of the matrix; (b) side view
(left) and top view (right) of fracture surface of the fiber. (c-d) The treated fiber/matrix interface:

(a) top view (left) and side view (right) of fracture surface of the matrix; (b) side view (left) and

top view (right) of fracture surface of the fiber
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Figure 11. Evolution of chemical bonds in the debonding process of the two models: Total
covalent bonds (a) and C-O bonds (ether linkage) (b) of the untreated model; Total covalent
bonds (c¢) and C-O bonds (ether linkage) (d) of the treated model.
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