
REVIEW ARTICLE

Multiscale mechanics and molecular dynamics
simulations of the durability of fiber-reinforced
polymer composites
Kui Lin 1✉ & Zhanlong Wang 2✉

Fiber-reinforced polymer (FRP) composites have gained widespread applications in many

engineering fields, making it imperative to study long-term performance under service con-

ditions. Due to their heterogeneity and multifield coupling conditions, the long-term perfor-

mance of FRP composites has become a complex scientific problem that involves multiscale

and multidisciplinary aspects. With advancements in nanotechnology and computational

power, researchers have increasingly conducted studies on the deterioration mechanisms

and durability of FRP composites using top-down experiments and bottom-up multiscale

simulations. Here, we review micro- and nano-mechanics in relation to the durability of FRP

composites, including progress in the use of atomic and molecular simulations. We elucidate

the role of multiscale methods, particularly molecular dynamics simulations, in the study of

FRP composites and outline its prospects, to illustrate how micro- and nano-mechanics

contribute to research on the durability of FRP composites.

F iber-reinforced polymer (FRP) composites have been widely used in aviation/aerospace
structures1, shipbuilding, and other industrial fields due to their good corrosion resistance,
high strength-to-weight ratio, and strong designability. These inherent advantages have

propelled FRP composites towards becoming a pivotal reinforcement material in civil
engineering2,3 and have been increasingly used in new construction4–6 over the past two decades.
However, the ability of FRP composites to resist damage during long-term service, i.e., durability,
in the face of complex service environments has become one of the most important scientific
issues in the field of engineering.

The study of material damage is closely related to surface/interface issues, particularly for FRP
composites, which are characterized by the interfaces between fibers and the polymer matrix.
Therefore, an appropriate interface model that transfers the results obtained from atomic/
molecular simulations to continuous medium simulation is essential for achieving cross-scale
modeling. Additionally, microscopic defects such as bubbles and voids are inevitably introduced
during the production process of FRP composites7. Even pure epoxies (e.g., amine-cured
epoxies) contain nanopores that enable the transport and storage of moisture8. Given the various
service conditions, FRP composites may be subjected to a combination of different environ-
mental loads (e.g., ultraviolet radiation from sunlight; freeze-thaw cycles; diurnal/seasonal
temperature changes; moisture from humidity, rainfall, immersion, or seawater; and alkaline
solutions from concrete pore water)9. These external environments, particularly when combined
with the aforementioned microstructures, may lead to the deterioration of FRP composites,
ultimately impacting their durability. Hence, there is an urgent need to investigate the micro-
scopic mechanism, identify a suitable coupling method, and integrate cross-scale simulations to
achieve a quantitative explanation of the macroscopic phenomenon of deterioration.
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With the advancement of experimental technology and simu-
lation methods below the microscale10, an increasing number of
researchers are attempting to explain the corresponding macro-
scopic phenomena from a microscopic perspective. In experiments,
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM)/high-resolution TEM have been used to
observe the microstructure of FRP composites11–14, such as fiber-
matrix interfaces, microcracks, voids in a matrix, etc. The fine
details of microstructure provide an intuitive reference for com-
putational modeling and understanding of the deterioration
mechanism of materials. Atomic force microscopy (AFM) has been
used to investigate the microstructure and mechanical properties of
FRP composites15,16, such as the local modulus of the sample.
X-ray computed tomography (CT) can non-invasive capture the
three-dimensional structure of the material17,18 and provide the
internal pore distribution and porosity, as well as generate a three-
dimensional model for simulation or mechanical performance
analysis. The glass transition temperature (Tg) and thermodynamic
properties of epoxy can be determined by differential scanning
calorimetry (DSC)12,14. X-ray photoelectron spectroscopy (XPS),
Fourier transform infrared spectroscopy (FTIR), and Raman
spectroscopy are available to characterize and analyze the changes
in the chemical components and molecular structure of FRP
composites under different environmental conditions11,12,14,19,
such as functional group and hydrogen bond. These experimental
methods not only offer direct evidence for understanding the
microscopic mechanisms but also provide reference and compar-
ison for modeling and analysis of simulations, thus enabling the
understanding of microscopic mechanisms from the atomic scale
to the macroscale.

Multiscale simulation methods have been developed gradually,
such as density functional theory (DFT), ab initio molecular
dynamics (AIMD), reactive force field (e.g., ReaxFF) MD, clas-
sical MD, coarse-grained (CG) MD, Monte Carlo (MC) method,
phase field method, finite element method (FEM), etc. The
multiscale covers the atomic scale, nanoscale, mesoscale (or
microscale), and macroscale (> 10‒3 m) as shown in Fig. 1, with
this paper focusing on the scale that ranges from the atomic scale
to the mesoscale. It should be noted that there is currently no
uniform division of different scales and no absolute boundary
between adjacent scales but a transitional area20, and this paper
only divides the scale characteristics of FRP composites. Different

theories and methods are required to deal with issues at different
scales. At the atomic scale, quantum effects and charge transfer
need to be considered, such as in the cross-linking reaction of
polymer curing, material corrosion, and other chemical reactions.
At the nanoscale, issues related to nano mechanics are con-
sidered, including nonbonding interactions (i.e., van der Waals
interaction and hydrogen bond). For example, the adhesion
between polymeric matrix and fibers mainly involves nonbonding
interactions, and only a few specially treated fibers are addi-
tionally bonded by chemical bonds21,22. The mesoscale is where
continuum mechanics and nano mechanics converge20. At the
mesoscale, defects, interfaces, and nonequilibrium characteristics
are common. The formation of microcracks and voids all involve
interface problems, and the problems of voids in FRP composites
are particularly important at the mesoscale. At this scale, more
attention is paid to the problem of multifield couplings, such as
the changes in the internal structure and mechanical properties of
FRP composites under coupling effects of moisture, seawater,
temperature, and voids. For instance, in a humid environment,
water enters the interior of the FRP composite due to capillary
action and diffusion, which affects the properties of the matrix
and interface23. The most common macroscale methods are FEM
simulations and experiments, which are widely used in the study
of mechanical properties, and many models have been established
in the study of FRP composites. In cross-scale modeling, the
transfer of physical quantities in the transition area is a critical
issue.

MD simulation has played a crucial role in bridging the gap
between quantum chemistry and continuum mechanics, as
shown in Fig. 1. It is a fundamental and versatile tool that can
simulate the molecular structure and investigate the mechanical,
chemical, and thermodynamic properties of materials from the
atomic/molecular level. However, as MD simulations use a single
atom or molecule as the simulation unit, the trajectory of all
particles in phase space must be obtained by solving the Hamil-
tonian equation of the entire system, leading to extensive calcu-
lations and limiting the size of the simulation system. Macroscale
failure or debonding of the structure is a large-scale disaster that
involves a large time and spatial scale. As a result, establishing a
direct relationship between nano/microscopic results and mac-
roscopic phenomena is a challenge for MD simulation. Bridging
the nano/microscale and the macroscale is both a challenge and
an opportunity for interdisciplinary research. To this end, many
research teams have proposed multiscale research methods to
overcome the limitations of MD simulation24–26.

This review first provides a brief overview of the inter-
disciplinary and multiscale problems encountered in the study of
the durability of FRP composites. It discusses the various factors,
such as temperature, ultraviolet radiation, humidity, seawater,
and corrosive action, that influence the properties of FRP com-
posites, leading to thermodynamic, mechanical, chemical, and
multifield coupling problems. It also introduces the accelerated
method for durability testing and its applicable conditions. Since
the deterioration of FRP composites during service involves
interface problems, such as debonding, fracture, and delamina-
tion, two typical interface models are introduced. To understand
the durability and deterioration mechanism of FRP composites
from the nano/microscale perspective, the review introduces
related physical and mechanical issues, such as van der Waals
interaction, hydrogen bond interaction, disjoining pressure, and
capillary action. After introducing these interdisciplinary back-
grounds and foundations, the methods of bridging length and
time scales in the durability studies of FRP composites are
reviewed. It mainly introduces related multiscale simulation
methods and their corresponding theories, as well as the physical
parameters available at each length scale. MD simulations have

Fig. 1 Multiscale simulation framework of FRP composites. It describes a
bottom-up approach that comprises Ab initio, DFT, ReaxFF MD, Classical
MD, CGMD, MC, Phase field, and FEM simulation methods and displays
the time and length scales corresponding to each simulation method along
with the corresponding schematic models.
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played a bridge role between quantum chemistry and continuum
mechanics in multiscale modeling. Therefore, the review provides
a detailed overview of atomic- and molecular-scale simulations of
FRP composites, including ReaxFF MD, classical MD, and CG
MD, in the study of their mechanical properties and durability.
Moreover, the review briefly introduces the problem of multiscale
voids in FRP materials. While it is impossible to cover all
advances in the field of micro- and nano-research of FRP com-
posites in a single paper, this review focuses on a few typical
topics of the vast subject. Due to the complexity of the subject and
the limited knowledge of the authors, there may be inevitably
neglected topics and deficiencies. Nonetheless, the main purpose
of this review is to clarify the role of multiscale simulation
methods, especially MD simulations, in FRP composite research
and outline its prospects, hoping to illustrate how micro- and
nano-mechanics contribute to FRP durability research.

Interdisciplinary and multiscale problems in the durability
studies of FRP composites
Multifield coupling. The laws of the life-cycle temporal-spatial
evolution and the durability of FRP composites under multiple
environmental effects (see Fig. 2b–d) are crucial scientific issues.
Revealing the fatigue and creep damage evolution laws of FRP
composites in the life cycle with multifield couplings (e.g., high and
low-temperature cycles, ultraviolet radiation, corrosive environ-
ment, and repeated/sustained loads)27,28 are urgently needed. In
this section, typical environmental effects, including temperature,
ultraviolet, water, and seawater are briefly introduced.

Thermal effects. Sunlight generates both thermal and photo-
chemical effects, as shown in Fig. 2b. The thermal effect of sun-
light is mainly generated by the infrared part. Temperature
reflects the macroscopic expression of the thermal motion of
particles, such as atoms, ions, and molecules. Changes in the
temperature of a system can alter the equilibrium status or
relative position of particles, leading to macroscopic manifesta-
tions such as glass transition or rubberization, thermal stress, and

expansion or contraction. High energy levels of particle move-
ment can break chemical bonds, such as in combustion and
pyrolysis.

Under real conditions, the thermal effect of solar radiation is
directional and produces a thermal gradient, which may cause
different parts of the polymer material to expand and contract at
different rates, thereby generating internal stress and destroying the
material. Higher temperatures also accelerate the diffusion rate of
water or salt ions in epoxy. Exposure experiments demonstrated
that, in the first week, the water absorption rate in samples
conditioned at 60 °C was higher than in those conditioned at
30 °C29. Schutte et al. found evidence that the increased water
content degrades the interface strength of the glass fiber-reinforced
polymer (GFRP)30. Additionally, water adsorption in a polymer
can cause plasticization and decrease the Tg31–33. Hence, ambient
temperature also affects the Tg by accelerating the diffusion and
adsorption of water. In addition to being affected by water
adsorption plasticization, the initial Tg of epoxy strongly depends
on the curing temperature34. According to Dai et al.35, the
interfacial fracture energy remains almost constant initially and
subsequently begins to decrease as the temperature approaches the
Tg of the bonding adhesive. This finding suggests that the curing
temperature also indirectly affects the critical temperature at which
the interfacial fracture energy starts to change. In general, the
temperature can not only generate thermal stress and cause
plasticization during service but also affect the important thermal
property parameter (i.e., Tg) of a cured adhesive36 in various ways
(e.g., effect by ambient temperature and curing temperature),
which ultimately affects the mechanical properties and durability of
FRP composites.

Photochemical effect. The photochemical effect is mainly gener-
ated by the ultraviolet (wavelength λ= 295 ~ 380 nm) part of
sunlight. According to the bond dissociation energy, the max-
imum sensitivity wavelength of some polymers is in the range of
290 ~ 400 nm37. Hence, the absorbed ultraviolet light can produce
the energy (ΔE = hc/λ, where h is Planck’s constant, and c is the
velocity of light) required to break certain chemical bonds of the
polymer38. Exposure to combined ultraviolet light and thermal
shock may reduce the mechanical strength of an epoxy
adhesive39–42. Researchers also found that the tensile strength of
epoxy is reduced by 13.9% upon ultraviolet exposure, while this
exposure does not influence the tensile strength of carbon fiber-
reinforced polymer (CFRP) composites42. Additionally, ultra-
violet light cannot deeply penetrate the composites, and only the
irradiated surface of the composites is damaged40. In contrast to
the temperature effect of solar radiation, which can conduct
thermal energy to the interior, the photochemical effect of solar
radiation only affects the outer layer of FRP composites. How-
ever, direct exposure of FRP to sunlight couples the two effects,
leading to a more complex situation.

Corrosive effect. The influence of corrosive environments on
composites made of epoxy resins has been investigated by many
researchers43–46. Wu et al. performed experimental studies on the
tensile properties of basalt fiber, epoxy, and basalt fiber-reinforced
polymer (BFRP) composites in different corrosive environments
(e.g., alkaline, salt, acid, and water solutions). They observed that
fibers exhibited relatively high resistance to corrosion from salt
and water, moderate resistance to corrosion from acid, and severe
degradation in an alkaline solution. The tensile strength of epoxy
decreased after exposure to the water and acid solutions but had
little or no degradation after exposure to the alkaline and salt
solutions45. Uthaman et al. found that CFRP composites are
vulnerable to hydrochloric acid, and the SEM results showed the
degradation of polymer matrix46. Guo et al. reported that higher

Fig. 2 Representative service environments for FRP composites.
a Schematic diagram of the microstructural components of FRP composites.
Representative service environments: b solar radiation, c water/ions
ingress, and d mechanical load.
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alkali content degrades not only the resin of FRPs, such as CFRP,
GFRP, and BFRP but also attacks fibers, thereby accelerating the
damage of the fiber-matrix interface47. These studies indicate that
the resistance of fibers and epoxy in the same corrosive envir-
onment is different and that these materials can sometimes
complement each other.

Synergistic aging. Studies on synergistic aging under multiple
degradation conditions have also been reported48–50. One study
showed that water can remove polymer microparticles formed
by ultraviolet aging, exposing the undamaged material to more
ultraviolet light and accelerating the aging process50. However,
the factors that influence FRP composites depend on the service
environment, including temperature, ultraviolet radiation, humid-
ity, seawater, and corrosive action, among others. These factors
involve thermodynamic, mechanical, chemical, and multifield
coupling problems. Thus, these studies are insufficient and cannot
provide a quantitative explanation. Further exploration of the
microscopic mechanism of degradation caused by multifield cou-
pling is necessary.

Accelerated method for durability testing
Achieving a larger period analysis of material properties through
short-term experiments, i.e., using months or years of experi-
ments to predict the service life of FRP composites or the
mechanical properties after decades or more, is also a key chal-
lenge in durability research. Zhurkov conducted systematic
measurements of the lifetime of 50 materials (metals and poly-
mers) through experiments and found that the rupture lifetime τL
conforms to the following kinetic relation51:

τL ¼ τ0 exp
U0 � λσ

kBT

� �
ð1Þ

where τ0 is the reciprocal of the natural oscillation frequency, U0 is
the binding energy at the atomic scale, λ represents the materials
constants, and σ is the tensile stress. It is worth noting these were a
series of macro experiments. The Arrhenius equation k =
k0exp(–Ea/kBT), which gives the dependence of the rate constant
k of a chemical reaction on a pre-exponential factor k0, the absolute
temperature T, and the activation energy Ea, is widely adopted to
study the long-term durability of various materials52,53. To accel-
erate the testing process, a temperature-based accelerated method
was proposed as follows:

ln
1
k

� �
¼ Ea

kB
� lnk0 ð2Þ

As shown in Eq. (2), the logarithm of time ln(1/k) required for a
material property to reach a given value is a linear function of 1/T,
with the slope of Ea/kBT. However, this method approximates the
reaction rate to the degradation rate and requires that the activation
energy Ea cannot change with temperature T. To avoid changes in
the degradation mechanism, Wang et al. limited their test tem-
perature to not exceed 60 °C52. Nevertheless, the actual situation
may be more complex due to the heterogeneity of materials,
nonuniform structure, multifield coupling, and phase changes.
For example, determining the upper limit of temperature under
different conditions is essential to ensure the validity of the
experiment. Furthermore, understanding the relationship between
this upper limit temperature and the Tg is crucial. As such, studying
the microscopic degradation mechanism of FRP composites under
different conditions is an urgent need.

Interfaces of FRP composites
Fiber-matrix interfaces. The fiber-matrix interfaces play an
important role in the transfer of forces among the fibers and the

matrix54. Existing studies indicate that the deterioration of
interfaces can have significant effects on the mechanical proper-
ties of FRP composites55–57. Therefore, increasing interfacial
bonding is crucial for the application of FRP composites.

In many commercial FRP composites, chemical bonding
between the fibers and the matrix is usually achieved by treating
the fiber surface with a sizing layer (e.g., silane coupling agent), and
thus improves the interfacial adhesion58–60, as shown in Fig. 3a–d.
For GFRP composites, the graphene oxide (GO) coating enhances
the shear strength of the fiber-matrix interface by creating
functional groups that chemically bond with the epoxy matrix61.
AFM observation of CFRP composites reveals that treating the
fiber surface can increase the interface thickness from nanometers
to hundreds of nanometers62, as shown in Fig. 3e, f. This finding
suggests that an interface with a thickness of several tens of
nanometers and a gradient modulus can effectively reduce stress
concentrations and transfer stress15. Regardless of whether the
coating is carried out using GO, silane, or other sizing agents on
the fiber surface, the primary aim of the coating is to enhance the
bonding between the fiber and the matrix by forming thicker
interphase with a gradient through surface modification.

Induced surface/interface problems in service. Furthermore, when
FRP composites deteriorate in service environments, they can
encounter surface/interface issues, such as fiber-matrix delami-
nation, crack propagation, void formation/evolution, and liquid
diffusion, as illustrated in Fig. 3g. An interface could have a real
thickness from several atom layers to the millimeter level. As a
two-phase transition region, the properties of an interface differ
from those of each phase and present a continuous gradient in the
direction perpendicular to the interface, as shown in Fig. 3h.
Therefore, it is necessary to introduce some physical models of
interface/surface for reference.

Physical models in dealing with interfacial problems and
interactions at different scales
Interface/surface models at the continuum scale. There are two
typical models for dealing with interface problems, namely, the
Gibbs model63 and Cahn-Hilliard model64, as shown in Fig. 3i,
j. The interface model is not only used for the interface between
the fiber and matrix, but also for the diffusion or absorption
of liquid, void evolution, or crack propagation of the FRP
composites.

Since the actual interface has no clear boundaries, Gibbs
introduced a mathematical interface without thickness, as shown
in Fig. 3i. The two sides of the interface are regarded as two
uniform phases, and the excess values of the physical properties
generated at the interface are taken as the characteristics of the
interface. The excess free energy (or interfacial energy) γf/m of the
interface can be defined as:

γf =m ¼
Z þ1

�1
Ff =m xð Þdx ð3Þ

where Ff/m(x) is the free energy function. Therefore, the fiber-
matrix interface can be represented by a zero-thickness Gibbs
interface with interfacial energy (or adhesion energy) of γf/m. The
interfacial energy can be directly calculated using MD simulation
by separating the matrix from the fiber.

The interface model with diffused thickness is shown in Fig. 3j,
and it can be described by the Cahn-Hilliard equation64 as follow:

∂c
∂t

¼ M
∂2f ðcÞ
∂c2

∇2c� 2Mχ∇4c ð4Þ

where f cð Þ is the free energy density of composition c, M is the
mobility, and �Mχ is the correction factor for incipient surface65.
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Compared with Fick’s second law ∂c/∂t=D∇2c, the Cahn-Hilliard
equation more clearly illustrates that the chemical potential, not the
concentration, determines the diffusion direction. For example, ∂2f
/ ∂2c < 0 corresponds to negative diffusion, which means diffusion
from low to high concentration. Phase separation processes, such as
spinodal decomposition and homogeneous nucleation, are typical
negative diffusion phenomena. Chemically induced phase separa-
tion was observed in the curing process66. Phase separation has also
been used to prepare a porous epoxy monolith67. Void formation
and transport were also observed in liquid composite molding
processes68. Thus, the Cahn-Hilliard equation may help to
understand the formation mechanism of pores/voids in the
manufacturing or service of FRP composites.

The Cahn-Hilliard equation has applications in different
research systems, such as solid solutions65 and nanoscale self-
assemblies69. Its specific form mainly depends on the interfacial
free energy functional of the problem being studied65. In the FRP
system, the interface between fiber and matrix, matrix (or fiber)
and fluid, or matrix and concrete is very complex. Determining
the corresponding interfacial free energy functional of FRP
composites in different environments, especially under multifield
coupling, is a key step in understanding their performance
from the theoretical mechanism. The phase field method based
on the Cahn-Hilliard equation is commonly used to predict the
evolution of complex microstructures70 and provides potential
ideas for studying the diffusion of liquid, the evolution of fiber-
matrix interface, void evolution, and crack propagation in FRP
systems at the mesoscale, thereby playing an important role in
understanding their deterioration processes.

Solid-liquid interactions in FRP composites at the nanoscale
and mesoscale. For materials with small pores, voids, or gaps in a
liquid environment, capillary action and disjoining pressures are
very important concepts in the interaction between fluids and
solids at the nanoscale and mesoscale. During production, filling
the fiber gaps with liquid resin inevitably leads to voids (see
Fig. 4a, b). Epoxy curing with different solvent concentrations
also creates voids (see Fig. 4b, c). These processes are related to
capillary action. Experimental studies indicate that the capillary
action can draw moisture through the interface void of
composites71,72, making the capillary action of FRP composites in
a humid/solution environment a key factor that may cause
degradation.

Moreover, the liquid penetrating the interface may produce a
disjoining pressure, which can rupture the bond and increase
defects in the joint, leading to a reduction in its strength73. When
studying the degradation of FRP/concrete bonding systems, it was
found that the hindered adsorbed water generated a substantial
disjoining pressure at the interface of the contacting cement
pastes. Disjoining pressure is believed to increase stress at the tip
of the microcracks, thereby hastening earlier crack propagation
under external loads74,75.

Capillary action is the flow of liquid in a narrow space without
external field forces as shown in Fig. 4e. It occurs due to
intermolecular forces between the liquid and the surrounding
solid surface76. If the diameter of the narrow space is small
enough, then the surface tension and the adhesion between the
liquid and the solid work together to push the liquid. This is
the embodiment of the Laplace pressure77 ΔP= –γlv ∇∙Ns in the

Fig. 3 Microstructure of FRP composites and interface models. SEM micrographs of the breakage region of the composites: a heat-cleaned GFRP, b 0.3%
c-GPS-treated GFRP. Reprinted with permission from ref. 60. (Copyright 2008 John Wiley and Sons). SEM images of the breakage region for different
specimens that were tensile tested: c without coating, d surface coating by silane. Reprinted with permission from ref. 58. (Copyright 2002 Elsevier).
Modulus testing results of interfacial phase: e AFM force modulation image and section analysis of the interfacial phase in untreated carbon fiber
composites; f AFM force modulation image and section analysis of the interfacial phase in POSS and CNT grafted carbon fiber composites. Reprinted with
permission from ref. 62. (Copyright 2015 Elsevier). g Schematic of four typical interfaces in FRP composite. h Schematic of phases A/B interface and
distribution of free energy in the interface. i Gibbs interface model. j Cahn-Hilliard diffuse interface model.
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capillary, where γlv is the surface tension between liquid and
vapor, Ns is the unit normal vector oriented outward from the
surface of the liquid.

In capillary action, when the thickness h of the liquid film is
below the mesoscale (<10-7m), the disjoining pressure becomes
prominent. The disjoining pressure Π(h) generally comes from
van der Waals forces Πvdw, electrostatic forces Πele, and structural
forces Πstr

78. For the nanoscale, the capillary force and disjoining
pressure work together p = pcapillary+Π(h); for the atomic scale
(<10-9m), the disjoining pressure is mainly considered79,80, as
shown in Fig. 4f.

Interactions and destruction modes of FRP composites at
atomic scale. At atomic scale, the intermolecular forces mainly
include nonbonding interactions (i.e., van der Waals forces and
hydrogen bonds), which are also the source of the adhesion
between the fiber and the matrix. If the surface of the fiber is
treated with a special coating, then a stronger chemical bond can
be formed at the interface region61. Three typical modes of
destruction in FRP composites are shown in Fig. 5a–e. In the case
of fiber fracture, both the covalent bond and van der Waals
interaction are disrupted (as depicted in Fig. 5a). Matrix fracture
(see Fig. 5b) results in the breakage of covalent bonds, van der
Waals interactions, and hydrogen bonds. The failure of the fiber-
matrix interface primarily involves the disruption of van der
Waals interactions, while the presence of a hydroxylated surface
of the fiber can additionally result in the rupture of hydrogen
bonds (see Fig. 5d, f). Furthermore, if the fiber surface has been
treated with a specialized coating (e.g., GO, silane), it will also
break the covalent bond (see Fig. 5c, g). In the case of debonding
at a clean carbon fiber-matrix interface, only the van der Waals
interaction is disrupted (see Fig. 5h).

Van der Waals force, hydrogen bond, and covalent bond at the
interface. The van der Waals force constitutes a weak molecular
interaction that encompasses an orientation force (present solely
between polar molecules), an induction force (present between
polar and nonpolar molecules), and a dispersion force (present
between all molecules).

The hydrogen bond arises from a force between permanent
dipoles (X-H Y), typically involving more electronegative atoms
(X, Y) such as O, N, C, and F. Fig. 5i shows the hydrogen bonds
formed between water molecules and polymer chains, while
Fig. 5j illustrates the common hydrogen bonds in formed between
polymer chains.

Techniques to enhance the interface strength between the fiber
and matrix include surface physical treatment to increase
roughness and surface chemical modification to form additional
hydrogen bonds or even covalent bonds. For example, the
application of a silane coupling agent to the fiber surface results in
stronger bonding between the fiber and matrix via the formation
of covalent bonds with silane, as shown in Fig. 5e, g.

Nevertheless, the formation of covalent bonds necessitates
specific chemical conditions (e.g., reaction sites), and the number
of hydrogen bonds is generally fewer than van der Waals
interactions. Even though the van der Waals force is weaker than
hydrogen bonds and covalent bonds, as demonstrated in Table 1,
it still plays a dominant role in numerous surface interactions
(e.g., adhesion81,82, adsorption83,84, etc.) due to its ubiquity.
Specifically, when the surface is rough, the specific surface area is
significantly increased, resulting in stronger adhesion.

Bridging length and time scales in durability studies of FRP
composites
This section aims to introduce multiscale simulation methods
(see Fig. 1), and some fundamental theories and concepts (e.g.,
kinetic theories, Hamaker constant) that may be used in dur-
ability studies of FRP composites.

Atomic scale methods. At the atomic scale, quantum chemistry
simulation can be used to address issues involving charge trans-
fer, such as cross-linking reactions, degradation, and chemical
bond formation or breaking. First principles based on multi-
electron systems and density functional theory (DFT) based on
space charge density are the primary calculation methods. These
methods can also provide potential parameters for molecular
simulations. Due to the large number of calculations required to
account for the movement of electrons, hybrid quantum
mechanical/molecular mechanical (QM/MM) methods and

Fig. 4 Voids/pores in composites and capillary action. Void formation in liquid composite molding processes: a Image of the void between tows in a resin
transfer molding part; b Image of voids inside the tow in a resin transfer molding part. Reprinted with permission from ref. 7. (Copyright 2011 Elsevier). SEM
images of porous epoxy monoliths after curing, with different solvent concentrations: c 30 wt%, and d 40wt%. Reprinted with permission from ref. 67.
(Copyright 2009 Elsevier). e A schematic of the capillary phenomenon. f The scope of scales applicable to capillary action and disjoining pressure80.

Table 1 General characteristics of nonbonding interactions
and covalent bonds.

Type of force Strength (kcal/mol) Distance (nm)

Van der Waals < 1 0.3–0.6
Hydrogen Bonds 1 ~ 40 ~ 0.3
Covalent Bonds > 40 0.074–0.267
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AIMD methods have been developed to maintain accuracy and
improve efficiency. AIMD methods have been employed to
examine hydrogen bonding, ionic bonding, and van der Waals
interactions between polymers and cement85, and can be utilized
for durability studies of FRPs under environmental conditions.

Nanoscale methods and associated analytical models. At the
nanoscale, MD simulations, which are based on the potential
function and force field parameters, are widely used to determine
the thermal and mechanical properties of the system through sta-
tistical averaging. For example, Tg can be determined by simulating
the density change with temperature22,38. The adhesion energy
Eadhesive between the matrix and the fiber can be obtained through
interfacial separation: Eadhesive ¼ Efiber þ Ematrix � Ematrix@fiber .

The classical force field cannot handle the formation and
breakage of chemical bonds; therefore, reactive force fields, such
as REBO86 and ReaxFF87,88 are required to simulate chemical
reactions. These force field parameters can be obtained through
advanced parameterization methods89 based on DFT data, as well
as through the use of machine learning (ML) to obtain the ML
force field90. All of these approaches will facilitate the application
of MD methods in a wider range of materials and engineering
fields, and will also benefit the durability research of FRP.

Kinetic theories. Several kinetic theories are commonly used to
analyze MD simulation results. The modified Bell model is widely
used in the analysis of polymer dynamic peeling and shear/creep
on the fiber surface91,92:

v ¼ ω0xb exp �Eb � f � xb
kBT

� �
; ð5Þ

where v is the pulling speed, and f is the pulling force. By plotting
f against lnv, the adhesion energy Eb of peeling/shear/creep and
the distance between the equilibrated state and the transition state
xb can be quantified. The fundamental frequency ω0 is the con-
version factor kBT=hjT¼300K � 1013 Hz of the transition state
product in the transition state theory (TST)93. Similarly, when
studying the wetting behavior in FRP systems, molecular kinetic
theory (MKT) can also be used. This theory is also established
based on statistical theory80,94,95: j= (kBT/h) exp(–ΔG/kBT). The
frequency of molecular jumping j is a function of activation free
energy ΔG. The modified Bell model, MKT, and TST are com-
pared in Fig. 6.

Diffusion and relaxation. The diffusion coefficient D can also be
obtained from MD simulation by analyzing the mean squared
displacement (MSD) of the molecule:

D ¼ 1
6
d
dt

rt � r0
�� ��2D E

; ð6Þ

where rt and r0 are the position vectors of particles at time t and
initial time respectively. The diffusion coefficient can be used in
Fick’s law: J= –D∇c. Many experimental studies of moisture
diffusion in epoxy or FRP composites have shown that the
initial diffusion conforms to Fick’s law, and as the temperature
or saturation increases, the diffusion exhibits non-Fickian
behavior96,97. Berens et al. proposed a more general model for
polymeric materials Mt=Mt,F+Mt,R, which consists of Fickian
diffusion Mt,F and polymeric relaxation Mt,R

97,98. When con-
sidering the coupling effect of relaxation time τ on flux J(r,t+
τ)= –D∇c(r,t), the modified Fick’s second law can be obtained

Fig. 5 Typical modes of destruction in FRP composites and microscopic damage mechanisms. a–e Typical modes of destruction in FRP composites:
Fracture in fiber (a) and matrix (b); c Schematic diagram at the mesoscale; Debonding of uncoated fiber-matrix interface (d) and coated fiber-matrix
interface (e). f Van der Waals interaction and hydrogen bond between the polymer and the hydroxylated surface of silica. g Silane coupling agent bonds
fiber and matrix by forming covalent bonds. h Van der Waals interaction between polymer chain and carbon fiber. i Water molecules enter the matrix;
j Hydrogen bond between the hydroxyl groups of the polymer chain O–H O (blue); Hydrogen bond between the hydroxyl and amino O–H N (green);
Hydrogen bond between the water and hydroxyl of the polymer chain O–H O (yellow).
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as follows99:

∂c
∂t

þ τ
∂2c
∂t2

¼ D∇2c ð7Þ

Considering the lag of flux τ1 and concentration τ2 simulta-
neously, a dual-phase-lag diffusion model was proposed100 J(r,t
+τ1)= –D∇c(r,t+τ2). In addition to the relaxation time in
diffusion, there are many models to describe the relaxation in
these studies of the physical aging of polymers101 (e.g., Moynihan
model, KAHR model, and coupling model). Hence, accurately
determining the relaxation time is a crucial step in the study of
both liquid diffusion and physical aging of polymer. MD
simulation provides a potential way to determine the relaxation
time accurately at the nano/microscale.

Mesoscale methods. At the mesoscale, the CG method has
significantly increased the scales of molecular simulation by
reducing the degrees of freedom. Molecules or functional
groups are represented by pseudoatoms approximating groups
of atoms. There are two typical CG simulation methods: CG
MD and CG dissipative particle dynamics (DPD). The inter-
action parameters of pseudoatoms or beads can be derived from
all-atom MD simulations.

Hamaker constant is an important parameter bridging the
nanoscale and mesoscale, which can be obtained through MD
simulation or experiment. The van der Waals force Fvdw between
the two phases can be predicted by the Hamaker constant, i.e.,
Fvdw=–A/(6πD3). The Hamaker constant A = π2Cvdwρ1ρ2 is
related to the atom pair potential coefficient (Cvdw) and atom
number density (ρ1, ρ2) in the two phases. Through AFM
measurement, the Hamaker constants of organic small molecules
on the carbon fiber surface are typically around 4 ~ 5 × 10−20

J102, which are almost an order of magnitude lower than that of
modified carbon fibers (~ 2.8 × 10-19 J)103.

The phase field method, a powerful tool for multifield
coupling simulation at the mesoscale, can be used to predict
the evolution of complex microstructures without explicitly
tracking the positions of interfaces. The parameters involved
in the phase field simulation, such as permeability k and
mobility M, can be obtained from MD simulations104 or
experiments71,105–108. With the fundamental thermodynamic
and kinetic properties, the phase field method is capable of
predicting the evolution of mesoscale morphological and
microstructure in materials70. It provides potential solutions
for studying the formation of voids in FRP systems and their
evolution during long service.

Fig. 6 Kinetic theories that may be used in the study. aModified Bell model: The external force work f � xb reduces the energy barrier Eb for bond breaking.
The blue circle represents the state of the bond, such as the equilibrium state and transition state. b Two types of forces of polymer chain on the substrate
surface, i.e., peeling and shearing. c The Molecular kinetic theory (MKT) describes the interaction between liquid and solid surfaces. The diagram illustrates
the transition of the system from a non-equilibrium state (red dashed line) to an equilibrium state (blue line) under the influence of driving work w.
d Schematic of the wetting process of water molecules on a solid surface. e Transition state search diagram: Along the reaction coordinate, from reactants
(such as epoxy resin and curing agent) to the transition state, and finally forming the crosslinked product. It allows for obtaining the reaction energy barrier
Ea, providing information about the chemical reaction kinetics.
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Methods in continuum mechanics. At the macroscale, FEM
simulations and macro experiments are widely used in the study
of the mechanical properties of structural materials. To accu-
rately represent the damage processes and failure mechanisms
of FRPs, such as crack growth and fiber-matrix interface
debonding, small elements are required in FEM simulations.
Mesoscale finite element (Meso-FE) models of composites are a
robust approach for homogenizing mechanical properties,
examining stress-strain fields within cells, identifying damage
initiation conditions and locations, and simulating damage
progression and the associated degradation of composite
homogenized mechanical properties109. Koloor et al.110 intro-
duced a damage model and integrated it with the FE model-
based construction to evaluate the elastic-to-failure behavior of
CFRP and GFRP composite laminates manufactured via dif-
ferent methods. Ullah et al.111 devised a three-dimensional
multiscale computational homogenization framework to predict
the nonlinear meso-/macroscopic mechanical behavior of FRP
composites.

The distribution of fiber orientations is critical to the mechanical
performance of FRP composites, and the distribution functions can
serve as accurate microstructural descriptors of the axisymmetric
fiber orientation within a specific volume of a fiber-reinforced
composite112,113. Fiber orientation tensors serve as a measure of the
average fiber orientations within a microstructure113,114. The
anisotropic behavior of the material is a result of the reorientation
effect of the fibers during the extrusion process. To gain insight into
the relationship between fiber orientation and geometric para-
meters, a fiber orientation model was incorporated into a particle
finite element method (PFEM) based framework for simulating the
process115.

In a cross-scale study, interfacial parameters generated by MD
simulation were used in the FEM simulation by converting them
to parameters of the cohesive zone model (CZM)116. The
simulation results of ultimate bond strength and structural
behavior show agreement with the experimental results. However,
it should be noted that the macro structures or materials often
have defects and heterogeneity, and thus are more complex than
the microscopic ones. Therefore, the validity of the parameters
needs to be considered when the microscopic parameters are used
in the macro analysis.

The main methods involved in a multiscale simulation are
introduced above. From atomic scale to mesoscale, the atomistic/
molecular simulation methods include DFT, ReaxFF MD,
classical MD, and CG MD. Table 2 provides an overview of the
advantages, disadvantages, and features of these methods. The
table also presents examples of simulation methods that
correspond to typical processes in FRP composite research,
allowing for a more targeted selection of simulation methods.

Atomic- and molecular-scale simulations of FRP composites
Considering MD simulation is a bridge between quantum
chemistry and continuum mechanics in multiscale modeling.
This section mainly reviews the role and progress of MD simu-
lations in the study of the mechanical properties and durability of
FRP composites.

Cross-linking simulations of polymers. Cross-linking includes
physical and chemical cross-linking. The former is linked by weak
interactions, such as ion bonds and hydrogen bonds117. The latter
is the process of forming covalent bonds between polymer chains.
In the manufacturing of FRP composite, curing is a chemical
process that involves the cross-linking of polymer chains. It
should be noted that in this context, the term “cross-linking”
specifically refers to chemical cross-linking.

Polymeric materials with a high degree of cross-linking
generally exhibit good mechanical properties, which are critical
for ensuring the structural integrity of polymeric composites. MD
simulations have been widely used to investigate the morphology,
structure, and mechanical properties of cross-linking networks in
polymeric materials21,22,118–123. The simulation process typically
involves the preparation of unlinked molecular monomers,
initialization of the MD simulation, MD cross-linking simulation,
and relaxation of the system to equilibrium. To improve the
efficiency of the cross-linking simulation, different algorithms
and conditions are often used depending on the reaction system.
For instance, the bond formation may occur only when the
distance between reactive atoms falls within a certain reaction
cut-off119,124–127. Wu et al.119 reported an algorithm where the
conversion of diglycidyl ether bisphenol A (DGEBA) and
isophorone diamine (IPD) reached 93.7%. Varshney et al.127

proposed a multistep relaxation procedure for relaxing the
monomers during cross-linking, which has shown effectiveness
in constructing larger cross-linking networks. Furthermore, Sharp
et al.122 investigated the effects of water on the cross-linking of
epoxy resins using MD simulations and found that water
increased molecular diffusion, leading to an increase in the
curing rate at the initial stage of cross-linking.

It is worth noting that most cross-linking simulation methods
rely solely on the distance between the atoms/particles of interest
to determine bond formation, without considering the effects of
geometry and steric hindrance. To simulate more realistic
chemical reactions, the development of reactive force fields
(e.g., REBO86 and ReaxFF87,88) is required. However, using a
reactive force field to perform cross-linking simulations can be
inefficient. To address this issue, van Duin et al.128 proposed a
new method developed within the framework of ReaxFF that
accelerates the cross-linking reaction by providing sufficient

Table 2 Comparison of simulation methods: DFT, ReaxFF MD, Classical/CG MD.

Method DFT ReaxFF MD Classical/CG MD

Scale (m) 10‒10~10‒9 10‒9~10‒7 10‒9~10‒6

Advantages High precision Coupled mechanical and chemical processes More force fields;
Simulate larger and complex systems

Disadvantages Small system
(Hundreds of atoms)

Slower than classical MD;
Force field parameters need to be developed

Cannot simulate chemical reactions

Features Chemical properties;
Reaction mechanism;
Provide parameters for MD

Reaction process;
Bond breaking process;
Thermodynamic properties;
Mechanical properties

Dynamics process;
Thermodynamic properties;
Mechanical properties

Examples Activation energy of cross-linking reaction;
Potential parameters;
Chemical bond parameters, etc.

Corrosion (acid, alkali);
Chemical deterioration;
Debonding process (coupling agent), etc.

Diffusion of water and ions in FRP;
Physical deterioration;
Debonding process, etc.
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Fig. 7 Typical studies on the properties of fiber-polymer interfaces using MD and experimental methods. The properties and deterioration mechanism
of fiber-polymer interfaces (i.e., untreated fiber-epoxy interface (a) and sizing-treated fiber-epoxy interface (b)) under coupled thermal-mechanical
actions; c the average lifetime of the C-O bonds during initial debonding as a function of temperature. Reprinted with permission from ref. 22. (Copyright
2022 Elsevier). d Carbon fiber-epoxy interface exposed to liquid water; e displacement of two exemplar water molecules of hygrothermal aging. Reprinted
with permission from ref. 153. (Copyright 2020 American Chemical Society). f SEM images of the surface morphology of the samples aged for 10 d under
the salt spray, acid rain, and moisture; g energy dispersive spectroscopy (EDS) of sample aged for 10 d under salt spray; h Interfacial energy obtained by
MD simulations; i Schematic diagram of liquid diffusion. Reprinted with permission from ref. 152. (Copyright 2022 Elsevier).
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energy to overcome reaction barriers, based on the distance and
orientation of the reactants. If a more detailed understanding of
the cross-linking process is required, beyond simply constructing
a cross-linked model, then using a reaction force field to simulate
the cross-linking is a better option.

Microscopic model and mechanical studies of FRP composites.
FRP composites consist of fibers (e.g., carbon fibers, glass fibers,
basalt fibers, or aramid fibers) and matrix (e.g., polymeric resin)
bonded through interfaces. In addition to the previously dis-
cussed resin modeling, the interfacial model and properties are
also related to the type of fiber. The common model for carbon
fiber is graphite/graphene129–133, while silica is commonly used to
model glass fiber92. Due to the complicated composition of ara-
mid or basalt fibers, only a few related studies have suggested that
aramid fiber can be modeled by p-phenylene terephthalamide
(PPTA) filaments134.

Three typical failure mechanisms may exist in FRP systems, i.e.,
interface debonding, matrix failure, and fiber breakage135, as shown
in Fig. 5c. The strength of the fiber is the largest among the three
components136,137, and the strength of the interface and the matrix
depends on the specific material and processing technology.
Surface treatment of the fiber can enhance the bonding between
the fiber and the matrix, potentially leading to failure in the matrix
rather than at the interface. Therefore, the study of the mechanical
properties of the interfacial phase, as shown in Fig. 5d, e, becomes
crucial. MD simulations can capture the details of the interfacial
phase evolution22 and obtain micromechanisms of macroscopic
properties. This technique enables researchers to gain new insights
into the mechanical properties at the nanoscale and contribute to
the design of FRP composites.

Zhang et al.138 built an interface model consisting of glass fiber,
a sizing layer, and a polypropylene (PP) matrix and performed
tensile simulations on the interface model using a CVFF
forcefield. Lin et al.22 established two glass fiber-epoxy interface
models to investigate the effects of fiber sizing in debonding at
various temperatures using ReaxFF MD simulations. Both studies
showed that for fibers treated with sizing on the surface, the

fracture does not occur at the fiber surface but in the matrix.
Niuchi et al.139 simulated the effect of chemically modifying the
surface of carbon fiber on the interfacial strength between carbon
fiber and phenolic resin. The results show that the interfacial
strength of the model with fluorinated carbon groups is lower
than that of the model with only carbon atoms. Wang et al.140

explored the effect of acid treatment time on the shear strength of
the interface using MD simulations and indicated that the
functional groups on carbon fibers increase the micro-mechanical
interlocking effect at the interface. The Bell model has been
widely used to analyze the energy barrier of interfacial
deformation for understanding the creep behavior at the
molecular level141,142.

Polymeric-based composites are viscoelastic, making their
time-dependent behavior one of the most critical factors in the
design of FRP structural system143. Creep is one of the time-
dependent phenomena, which reflects the relaxation of materials.
Tam et al.141,144 explored the creep behavior of the fiber-matrix
interface at different loads and found a threshold stress for the
onset of creep failure, which decreases in moisture conditions.

Environmental effects on the properties of FRP composites.
Numerous macroscale studies have suggested that environmental
factors, such as temperature145–147, moisture148,149, and salt
environments147,150, can decrease the adhesion in the bon-
ded area of FRP composites. To explore the intrinsic mechanism
of debonding of FRP composites, researchers have employed MD
simulations to study the thermal and mechanical properties of
fiber-polymer interfaces22,138. Lin et al.22 found that the elastic
modulus and the peak stress decrease with increasing tempera-
ture, and elucidated the mechanism of mechanical properties
changing from the glassy to the rubbery state, as shown in
Fig. 7a–c. Several MD studies151,152 have shown that water and
salt degrade the interfacial bonding of the fiber-polymer system
by decreasing the adhesion energy. Notably, simulations by
Walsh et al.153 showed that the fiber-matrix interface is less
sensitive to early water ingress and is not easily to be flooded in
the early stages of water aging. They observed that water is

Fig. 8 CG modeling and multiscale simulations. a CG particles for DGEBA and PACM; b CG models of epoxy (DGEBA-PACM) with cured conversions of
15%, 45%, 60%, and 90%. Reprinted with permission from ref. 161. (Copyright 2022 Elsevier). c A CG-model of epoxy matrix confined between two rigid
walls; d FEM model of composite combined with the CG MD simulations; e Contours of the ductile damage initiation criterion for uniform matrix model and
localized matrix model at two different strain levels. Reprinted with permission from ref. 163. (Copyright 2020 American Chemical Society).
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primarily absorbed through the matrix-water interface, and this
entry pathway is facilitated by the dynamic mobility of the
polymer chains at this interface (see Fig. 7d, e). Guha et al.154

calculated the diffusion coefficient (D) from the MSD of water
molecules and found that the moisture initially diffuses in the
bulk and eventually accumulates at the damaged system, with
absorbed moisture concentrated at the interface. Xie et al.152

combined experiments and MD simulations to illustrate the
hydrothermal aging of the fiber-epoxy interface. The simulation
results indicated that NaCl tended to diffuse and accumulate at
the fiber-epoxy interface, leading to serious fiber peeling. In the
case of acid rain, oxidizing acid particles tended to react with the
epoxy and the diffusion behavior was a layer-by-layer erosion
process (see Fig. 7f–i).

MD simulations have revealed that the micromechanisms of the
reduction of the adhesion energy of interfaces in moisture mainly
include two aspects: first, water molecules enter the interface thus
disrupting the interaction between the fiber and the matrix; second,
molecules enter the epoxy and break the original H-bonds, thus
degrading the structure. However, the conclusion that salt
environments are more likely to cause interfacial debonding than
humid environments has been explained only from a phenomen-
ological perspective without fundamental physical insights. In
addition, most MD studies in this field have focused on
degradations of nonbonding interactions, which do not involve
the breaking and formation of chemical bonds. Chemical
degradation may be involved in actual long-term service. As such,
more precise simulation methods (e.g., DFT, Ab initio MD, ReaxFF
MD) could be used in future studies to address these issues.

CG modeling and multiscale simulations. In mesoscale simu-
lations, CG modeling is often used as a multiscale method, as the
interaction parameters between the beads must be determined by
full-atomic molecular simulation. The length scale of the CG
simulation is generally on the order of 10-8 ~ 10-7m, which is at
least one order of magnitude higher than the length scale used in
full-atom MD simulation.

In CG models, molecules or functional groups are represented
not by individual atoms but rather by pseudoatoms that
approximate groups of atoms. By reducing the degrees of freedom,
CG models sacrifice molecular details for the ability to study longer
simulation time and larger simulation systems. CG models have
been practically applied in MD simulations of polymer
materials155–157. In CGmolecular models of epoxy-based materials,
several monomer units are represented by a single bead25,158. Many
studies have successfully used CGMD simulations to investigate the
mechanical properties of polymer materials159–163. Shoji et al.161

developed a CG model of DGEBA-PACM epoxy that reproduces
the experimental density, as shown in Fig. 8a, b. Liu et al.25

constructed a CG DPD model, combined with the curing reaction
to simulate the formation of cross-linked structures consisting of
carbon fibers, sizing agents, and epoxy. The simulation results
showed that the components can diffuse among each other, greatly
influencing the generated network structure during the curing
process. Zhang and Liew et al.162 identified a novel mechanism
called “debonding-induced crazing” using a multiscale method (i.e.,
CG method and full-atomMDmethod) that controls the transition
from cavitation to crazing in polymeric composites. In addition to
the multiscale method used in the CG modeling process, the free
volume distributions obtained by CG MD simulations have also
been successfully upscaled into FEM simulation, as a multiscale
method (i.e., CG MD-informed FEM, see Fig. 8c–e), to predict the
damage around the fiber-matrix interface163.

Although the multiscale methods offer a potential way to
analyze and explain phenomena across different scales, the

accuracy of parameter transfer between different scales needs to
be verified. The scale effect and the scope of parameter transfer
must be carefully considered.

Multiscale voids in FRP composites. During the liquid composite
molding process, the impregnation of fibers may not be complete,
resulting in nonwetting and possibly causing voids164. Experi-
mental studies have also shown that the voids in FRP composites
exhibit multiscale features ranging from nanoscale165,166 to micron
scale167. The voids directly affect the mechanical properties of the
FRP system. Tan and Martínez-Pañeda168 developed a phase field
model to predict the microscopic fracture of FRP composite and
revealed that the crack paths are highly dependent on the void
volume fraction. Johnston et al.169 presented a multiscale modeling
framework that combines a new molecular interphase model,
consisting of voids in multiple graphene layers, for the analysis of
polymeric composites. Furthermore, the diffusion of water, salt,
and other particles occurs due to the existence of voids within the
materials. Thomason demonstrated that void content is the key
factor in the moisture absorption of GFRP composites170. Harper
et al.171 found that for graphite/epoxy composites with low void
content, moisture follows the classical Fickian diffusion, while
composites with high void content exhibit some anomalies of non-
Fickian diffusion172.

Moisture, salt ions, and other particles can enter the interior of
voids through capillary forces and diffusion, leading to hygro-
thermal effects and deterioration. However, there are few
microscopic studies on the effect of voids or pores in the matrix
on the durability of FRP composites. Directly simulating the
evolution of micron-scale voids using MD simulations is not
practical. Nonetheless, MD simulation is a potential method to
reveal the atomic- and molecular-level mechanisms of void
growth and predict the properties of voids at the nanoscale, which
can be used to generate input properties for multiscale modeling.

Summary and outlook
This review commences with a brief introduction to fundamental
concepts in micro-/nano-mechanics and multiscale simulation
methodologies employed in the investigation of FRP composites.
The effects of environmental factors, such as temperature, ultra-
violet radiation, humidity, seawater, and corrosion on the prop-
erties of FRP composites are reviewed, taking into account the
complex interplay of thermal, mechanical, and chemical coupling
phenomena. Given the intricate interface problems encountered
during deterioration (e.g., diffusion, debonding, fracture, cavita-
tion, crazing, etc.), representative interface models are introduced.
To gain insights into the durability and degradation mechanisms
of FRP composites at the microscale level, relevant micro/nano
mechanics topics are expounded, including van der Waals
interactions, hydrogen bond interactions, disjoining pressure, and
capillary action. Furthermore, the acceleration technique for
durability testing and its applicable conditions are delineated. MD
simulations serve as a vital link between quantum chemistry and
continuum mechanics within the context of multiscale methods.
The review’s latter portion primarily surveys the role and research
status of MD simulations in the examination of mechanical
properties and durability of FRP composites, encompassing
ReaxFF MD simulations, classical MD simulations, and CG MD
simulations. Lastly, the challenges and issues associated with
multiscale void analysis in FRP composites are briefly outlined.

From the perspective of micro-/nano-mechanics, four pivotal
scientific issues are identified to address the intricate problem of
FRP composite durability under multiple environmental factors:

1. The complexity of interface phenomena (e.g., diffusion,
debonding, fracture, cavitation, crazing, etc.) necessitates
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determining the corresponding interfacial free energy
functional of FRP composites in diverse environments,
particularly under multifield coupling, as a crucial step
towards comprehending interface evolution.

2. Capillary action and disjoining pressure represent essential
concepts in nano/mesoscale interactions between fluids and
solids, which are crucial for understanding the initial void/
bubble formation mechanism during FRP composite
production and the degradation mechanism during service
in humid conditions.

3. Relaxation time is a central concern in phase diffusion and
the physical aging of polymers. Accurately obtaining
relaxation time for various physical behaviors is critical
for understanding degradation. MD simulations offer a
potential avenue for precise relaxation time determination,
albeit with scale limitations, necessitating an up-scaling
approach.

4. The Arrhenius equation is extensively employed to study
the long-term durability of FRP composites. This method
assumes that the degradation mechanism remains invariant
with temperature. However, the actual scenario is more
complex, with material heterogeneity, nonuniform struc-
ture, multifield coupling, and phase change posing
significant challenges for the temperature acceleration
method in durability testing.

In conclusion, this paper does not endeavor to provide an
exhaustive review of all advancements in the field of mechanical
properties and durability studies of FRP composites. Instead, it
selectively covers several typical subjects within the vast domain,
highlighting key concerns. The primary aim is to elucidate the
role of MD simulations in FRP composite research and outline
future prospects, demonstrating how micro-/nano-mechanics can
contribute to the study of FRP durability.
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