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The strong interfacial interaction between carbon fiber and epoxy matrix plays a key role in ensuring the
performance of carbon fiber reinforced polymer (CFRP). During a prolonged service-life, CFRP is inevitably
exposed to the hygrothermal environment and the integrity of fiber/matrix interface is most vulnerable,
but the microscopic behavior of the interface under the environmental exposure remains elusive. Here an
atomistic analysis is presented on mode I and mode II traction-separation behavior between carbon fiber
and epoxy matrix, which provides insights into how the surrounding water molecules at different tem-
perature levels impact the interfacial behavior. It is found that the water molecules at the interface
reduce the contact area between fiber and matrix and weaken the epoxy properties by disrupting the
molecular interactions, which consequently lowers the energy barriers to interfacial separation and slid-
ing, and the elevated temperature level further degrades the interfacial mechanical response as the epoxy
becomes softened. The research findings demonstrate that the presence of water drastically deteriorates
the integrity of carbon fiber/epoxy interface, and the derivation of cohesive laws based on traction-
separation simulation results provides a paradigm of deriving the fundamental inputs for a multiscale
modeling of the interface at the continuum level by considering the environmental effect.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction
Carbon fiber reinforced polymer (CFRP) is a type of remarkably
resilient composite material possessing outstanding properties,
such as high specific stiffness- and strength-to-weight ratios, good
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thermal stability, and strong corrosion resistance. CFRP composite
has emerged as a viable alternative to the conventional materials
in construction industry, such as applications in concrete infras-
tructures as external confinement/reinforcement and internal
rebar [1–3]. Despite the promise as reinforcement of existing
infrastructures and structural building-block in new constructions,
CFRP composite exhibits a certain degree of property degradation
under the environmental exposure, which shortens the intended
service-life [4–9]. These problems are usually attributed to the
deterioration of interfacial integrity between carbon fiber and
epoxy matrix, which is crucial to the performance of these macro-
scale applications involving CFRP composite [9,10]. In the
hygrothermal environment, the epoxy functional groups and
molecular-size structural voids in the bonded interface facilitate
the absorption of water, which severely affects the structure and
properties of CFRP composite [11,12]. For the exposed CFRP com-
posite, the fiber/matrix interface is particularly vulnerable under
the external load, as evidenced by the relatively clean fiber surface
after failure [13,14]. From these previous studies, it is inferred that
the interface between carbon fiber and epoxy matrix mainly gov-
erns the long-term properties of CFRP composite, which should
be better understood to ensure the durability.

Extensive efforts have been made to explore what happens to
the fiber/matrix interface in the presence of water as a result of
moisture absorption, as shown in Fig. 1(a) and (b), with the focus
on the situations between water and interfaces at the microscale
[9,10,14–18]. In particular, the interfacial fracture energy of single
carbon-fiber epoxy composite can decrease by 50% after seven-day
immersion in 70 �C water [14]. The interfacial deterioration after
the wet environmental exposure or the water immersion is related
to the structural changes of interfacial region, where the width of
the exposed interfacial region increases and the interfacial debond-
ing occurs, even without the external load [15–17]. It is noted that
these earlier experimental studies are mainly conducted in charac-
terizing the structural and property variations affected by the envi-
ronmental exposure, which lack sufficient physical understandings
on how the stress transfer at the interface is disrupted or altered by
the presence of water. Meanwhile, it is difficult to obtain the stress
transfer information of the local interface between fiber and matrix
under the environmental exposure experimentally, due to the lack
of appropriate spatiotemporal resolution.

In order to understand the situation in interfacial region
between fiber and matrix, numerical simulation using the contin-
uum modeling has been used, as it considers the constituent inter-
actions and the variations of material and structure that occur at
the smaller length scale, and hence the interfacial failure process
can be properly simulated. The numerical simulation based on
finite element analysis of the FRP composite generally incorporates
a cohesive zone model to represent the interfacial region between
fiber and matrix, as shown in Fig. 1(c). In cohesive zone model, the
Fig. 1. Multiscale investigation of carbon fiber reinforced polymer (CFRP) composite: th
experiment; (c) the microscale finite element analysis consisting of fiber/matrix interfac
model consisting of epoxy molecule bonded to fiber surface used in the molecular dyna
fracture process is governed by the traction-separation law, which
describes the relationship between cohesive traction and separa-
tion displacement at the crack tip during the interfacial failure pro-
cess. The cohesive zone modeling method has been adopted in
recent simulations of carbon fiber/epoxy composites, which allows
for the prediction of interfacial debonding and composite property
degradation in different environmental conditions of temperature
and humidity [19–24]. Although the interfacial laws are used in
these computational studies to account for the interaction between
fiber and matrix, the applied laws are mainly derived from the
macroscale experimental test or the parametric studies, which
are not able to reflect the physics behind the interfacial damage
initiation and evolution existed at a smaller level. Therefore, the
detailed structural configuration of the bonded materials and the
actual interactions at the microscale are still not clear.

As the local fiber/matrix interface and water molecules possess
comparable nanoscale dimensions, atomistic molecular dynamics
(MD) simulations are considered as a powerful tool for character-
izing the load transfer behavior at the interface, especially in con-
sideration of the environmental exposure. In previous MD
simulation studies, several parallel graphene sheets are used to
represent the graphite crystallite of carbon fiber outer-layer with-
out the sizing, as shown in Fig. 1(d) [25–27]. For epoxy matrix, a
computational strategy is adopted for cross-linking the epoxy
molecule, which is placed on top of the graphene sheets to form
the molecular model of fiber/matrix interface. The molecular
interface formation between fiber and matrix is investigated pre-
viously, where the width of interfacial region estimated from MD
simulation agrees with the transmission electron microscopy
observation of a carbon/epoxy composite [26]. In the investiga-
tion of the environmental effect, the interface model is generally
immersed in water or saltwater to simulate the saturated state of
moisture absorption in the local interfacial region, and hence the
maximum impact on the interfacial properties is explored [27–
29]. It is challenging to simulate the chemical reaction of such
system involving few tens of thousands of water molecules using
the reactive force field [30,31], as excessive computational power
is required. Comparatively, the empirical force field is used to
simulate the interactions between interface and surrounding
solution. The interfacial adhesion is found to decrease by over
70% when the interface is fully immersed in water or saltwater
[27–29], which is in good accord with the loss of mechanical
and interfacial properties of the exposed CFRP composite at the
macroscopic level [9,10,13–18,27,32]. By examining the simula-
tion process, it is observed that the presence of water molecules
in the bonded interface is one of the major reasons for the adhe-
sion decrease. Although these studies have provided meaningful
information about the interactions between interface and sur-
rounding solution at the molecular level, the microscopic detail
of traction-separation behavior of the interface in the hygrother-
e (a) composite component and (b) single-fiber composite used in the macroscale
ial region represented by the cohesive zone model; and (d) the nanoscale interface
mics (MD) simulation.
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mal environment is still unknown, which limits the understand-
ing of the load transfer at the fiber/matrix interface under the
environmental exposure. Moreover, the interfacial properties,
which are required to investigate the environmental effect on
the interface within a multiscale analysis, are not provided in pre-
vious studies.

In this paper, we aim to understand the molecular interactions
between carbon fiber and epoxy matrix, where the effects of the
hygrothermal environment on mode I and mode II traction-
separation behavior of the interface are investigated by MD simu-
lation. The cross-linked epoxy molecule is bonded to the planar
substrate representing the nanoscale fiber outer-surface to form
the molecular interface model, which is conditioned in the dry
and wet environments at room and elevated temperatures to sim-
ulate various environmental conditions. Interfacial separation
studies in normal and shearing directions are simulated to assess
the effect of the environmental exposure on the load transfer char-
acteristics of the bonded interface in terms of force-separation
responses, which are used to formulate the cohesive zone law for
the fiber/matrix interface. The development of atomistically
informed cohesive law illustrates how to derive the fundamental
inputs for a continuum micromechanics model to study the effect
of the hygrothermal environment on the overall response of com-
posite at the microscale. The molecular simulation of the interfa-
cial traction-separation behavior provides a valuable tool in
identifying the microscopic situation of the interfacial damage in
FRP composites under various environmental exposures.
2. Computational method

2.1. Force field and molecular model

In the simulation of the molecular interface model, the consis-
tent valence force field (CVFF) is used, which includes bond, angle,
dihedral, improper, and non-bonded terms (both van der Waals
(vdW) and electrostatic interactions), with the form of the poten-
tial energy expression shown in the Supplementary Material in a
previous study [33]. Particularly, the vdW and short-range electro-
static interactions are cutoff at 1.0 nm, as the interaction between
non-bonded atoms beyond this distance is quite small, while the
long-range electrostatic interaction is treated by the particle-
particle particle-mesh solver [34]. For the partial charge of atoms,
it is determined by using the bond increment method, as defined in
CVFF potential [35]. The parameters and partial charges from CVFF
potential have been successfully used in the simulation of epoxy-
bonded systems [27–29,36–38]. For the water molecules, the
parameters of TIP3P water model are used [39]. The full set of
parameters used to simulate the interface model is provided in
previous studies [28,33]. The equilibration and deformation of
Fig. 2. The molecular interface model in the (a) dry and (b) wet environment, which con
fiber surface: the pulling directions corresponding to the normal separation and shearin
the interface are performed using the open source code LAMMPS
with a time step of 1 fs [40].

To investigate how the environmental exposure affects the
traction-separation behavior of the fiber/matrix interface, the
molecular model consisting of epoxy molecule bonded to the sub-
strate representing the nanoscale fiber surface is generated [28].
The epoxy molecule possesses the cross-linked network originated
from the monomer formed by bisphenol A diglycidyl ether
(DGEBA), with the dimensions of 5.9 nm � 5.9 nm � 4.7 nm, as
shown in Fig. 2(a). The detailed cross-linking process is introduced
in previous studies [29,33,36]. The molecular model of carbon fiber
outer-layer is generally represented by several parallel graphene
sheets in previous simulation studies, which interact with the resin
mainly through vdW interaction, as electrostatic interactions
between zero-charged carbon atoms in graphene sheets and resin
molecule are small [25–27,41,42]. In this work, the configuration of
the inert and impenetrable graphene sheets is simulated using a
planar energetic wall, which is normally used as the substrate in
various polymer-bonded systems [28,29,37,38]. The details of the
molecular interface model used in this study are provided in the
Appendix A. As this study focuses on the effect of the environmen-
tal exposure on the traction-separation behavior, the interface
models without and with water molecules are studied, which are
referred to as dry and wet interfaces, respectively. To create the
dry interface, the epoxy molecule is placed on top of the planar
wall at 0.5 nm. Periodic boundary conditions are applied in the
interfacial plane, with the non-periodic boundary condition nor-
mal to the interface. The interface model is equilibrated at a tem-
perature of 300 K for 2 ns in the canonical (NVT) ensemble to
reach the equilibrium state, with the Nosé–Hoover thermostat
for the temperature control [43]. For the wet interface, a water
layer surrounding the equilibrated model is added with a density
of 1.0 g�cm�3, which corresponds to the moisture saturated state,
as shown in Fig. 2(b). In the applied boundary condition, water
molecules can move across the simulation cell boundary to mimic
the infinitely large water layer. To simulate the hygrothermal envi-
ronment, the investigated temperature levels are set as 27 and 50
�C, denoting the temperature range that the civil infrastructure
commonly suffers during the service-life [44].
2.2. Simulation of traction-separation behavior

After the dry and wet interfaces are constructed, the systems
are equilibrated for 1 ns in the NVT ensemble in the simulated con-
ditions. Specifically, the atoms in the epoxy molecule as well as the
water molecules in the case of wet interface are free to move and
contact with the planar wall to reach the equilibrium state. This
equilibrium state is indicated by examining the mean squared
sists of epoxy molecule bonded to the planar energetic wall representing the carbon
g of the interface are indicated.
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displacement (MSD) of epoxy atoms during the equilibration pro-
cess, which is calculated as

MSD ¼ 1
N

XN
i¼1

ri tð Þ � ri t0ð Þj j2
� �

; ð1Þ

where N is the number of epoxy atoms, ri(t) is the atomic coordi-
nates at time t, and t0 is the starting time of the equilibration pro-
cess. For the different interfaces, the MSD of epoxy atoms
recorded during the 1 ns NVT equilibration is shown in Fig. 3(a),
which oscillates constantly before the equilibration is completed.
Together with the constant oscillation of center of mass, tempera-
ture, and potential energy of epoxy molecule as shown in Fig. 3
(b)–(d), it demonstrates that the equilibrium state of the simulated
systems is achieved before the interfacial separation simulation. To
verify the simulated water, the self-diffusion coefficient D of water
molecules at the two investigated temperature levels are compared
to the experimental measurement, which is calculated according to
the Einstein relation [45], and it is proportional to the MSD versus a
given time:
Fig. 3. The (a) mean squared displacement (MSD), (b) center of mass (COM), (c) tempera
process: the constant oscillation of these quantities demonstrates that the interfaces h
molecules.
D ¼ 1
6N

lim
t!1

d
dt

XN
i¼1

ri tð Þ � ri t0ð Þj j2
� �

¼ DMSD
6Dt

: ð2Þ

The MSD of water molecules recorded during the 1 ns NVT equi-
libration is shown in Fig. 3(e), for the two investigated temperature
levels. The occasional drop of water MSD is because that when the
upper-surface water molecules leave the water layer, they are con-
sidered as the single molecules and removed from the water layer,
and hence the MSD measurement from a smaller amount of water
molecules decreases. By performing linear regression of the
recorded MSD, the self-diffusion coefficient D of water molecules
is calculated as 2.44 � 10�9 and 3.70 � 10�9 m2�s�1 for the investi-
gated temperature levels of 27 and 50 �C respectively, which are
close to the experimental measurements of 2.24 � 10�9 and
3.47 � 10�9 m2�s�1 at the temperature levels of 25 and 45 �C
[46]. Meanwhile, the temperature of water molecules also oscil-
lates at the simulated temperature levels as shown in Fig. 3(f),
which demonstrates that the water molecules are properly simu-
lated. Apart from these quantities, the non-bonded interaction
energy between epoxy and water and that between epoxy atoms
ture, and (d) potential energy of epoxy molecule recorded during the equilibration
ave reached the equilibrium state; and the (e) MSD and (f) temperature of water
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are recorded at every 2 ps and the interface configuration is saved
at every 10 ps during the equilibration process, so as to further
understand the conditions at the fiber/matrix interface under var-
ious environmental exposures.

To determine the interfacial traction-separation behavior under
different environmental exposures, the interfacial failure process is
simulated using steered molecular dynamics (SMD) simulation,
where an external force is applied to the epoxy atoms to effectively
mimic the atomic force microscopy experiment. In SMD simula-
tion, the mass center of epoxy molecule is subject to the pulling
force to simulate the interfacial separation and shearing, as indi-
cated in Fig. 2(a). A constant pulling rate of 2.5 m�s�1 and a spring
constant of 200.0 kcal�mol�1�Å�2 are employed to allow for ade-
quate response of epoxy atoms under pulling and to reduce the
oscillation of the pulled epoxy atoms. The chosen parameters are
consistent with previous studies and are appropriate to avoid
any issues associated with the dependence of the pulling rate
[28,37,38]. In addition, a brief discussion about the dependence
of pulling rate on the interfacial behavior is included in the Appen-
dix B. In each investigated condition, three independent starting
configurations of the interface taken every 100 ps apart after the
structural equilibration are studied by the SMD simulations to cal-
culate the average interfacial work and to accurately determine the
interfacial behavior associated with the different failure modes.

3. Results and discussion

3.1. Conditions of fiber/matrix interface in hygrothermal environment

In order to understand the effect of the hygrothermal environ-
ment, the conditions at the fiber/matrix interface affected by the
surrounding environment are characterized. In wet condition, the
water molecules affect the interaction between epoxy molecule
and the bonded planar wall, as well as forming strong interaction
with epoxy molecules, with the interaction energy of
�1554.6 ± 23.5 kcal�mol�1 at 27 �C. Due to the favorable epoxy-
water interaction, the epoxy molecule is subject to great interfa-
cial tension, which results in the decreased contact area with the
bonded substrate, changing from 27.4 ± 0.3 nm2 in dry condition
to 26.8 ± 0.1 nm2 in wet condition for the 27 �C cases, and similar
contact area reduction is observed for the 50 �C cases. In recent
simulation studies of epoxy-silica and epoxy-cellulose interfaces,
such contact area reduction in wet condition is also reported
[36,47]. It is noted that the reported value is the time-averaged
number from the last 30 ps equilibration trajectory. As the con-
figuration of epoxy molecule varies in different conditions, the
cohesive energy of epoxy changes correspondingly. Specifically,
cohesive energy is related to the energy required to eliminate
all intermolecular forces of epoxy molecule, which is associated
with the non-bonded interactions between epoxy atoms,
including vdW and electrostatic interactions. In dry
condition at 27 �C, the non-bonded interaction energy is calcu-
lated to be 3772.0 ± 6.9 kcal�mol�1, which decreases to
3048.2 ± 9.7 kcal�mol�1 when water is presented, as summarized
in Table 1. The depression of epoxy cohesive energy under the
influence of water is consistent with the experimental observa-
Table 1
Energy of the non-bonded interactions between epoxy atoms averaged from the last
30 ps equilibration.

Non-bonded interaction energy (kcal�mol�1)

Dry, 27 �C 3772.0 ± 6.9
Dry, 50 �C 3708.5 ± 8.9
Wet, 27 �C 3048.2 ± 9.7
Wet, 50 �C 2940.7 ± 18.9
tion on various polymers [48,49]. Meanwhile, the non-bonded
interaction energy of epoxy molecule is smaller at elevated tem-
perature in both dry and wet conditions, which is also observed
in a simulation study of a similar epoxy material [50]. Further-
more, it is shown in a recent MD simulation study that the glass
transition temperature (Tg) of epoxy in the interface changes
from 459 K in dry condition to the lower temperature of 382 K
in wet condition, as determined by measuring the epoxy molec-
ular mobility at different temperature levels, and the decrease of
Tg is correlated to the loss of epoxy cohesive energy as well [29].
As the cohesive energy determines the magnitude of epoxy
thermo-mechanical properties [51,52], the reduction of epoxy
cohesive energy demonstrates the weakening of epoxy properties
due to the detrimental effect of hygrothermal conditioning. Dur-
ing the equilibration process, the epoxy molecule forms a thin
and densely packed layer in the vicinity of fiber surface, which
possesses deceased number density and more severe energy con-
centration in hygrothermal condition, and it is associated with
the deterioraiton of the local fiber/matrix interface, as discussed
in a recent MD simulation study [29].
3.2. Normal separation of fiber/matrix interface

The interfacial separation simulations described in the previous
section are performed to determine the interfacial mechanical
properties of fiber/matrix interface under various environmental
exposures. The force-displacement curves measured during the
normal separation process for dry and wet interfaces are shown
in Fig. 4(a). The normal separation force experienced by the epoxy
molecule is normalized by the total number of atoms in the epoxy
molecule. Regarding the curves, the separation distance of zero
corresponds to the equilibrium configuration of the interfaces after
the structural equilibration. Three distinguished stages are
observed from the curves, which correspond to the separation
force-displacement curves from similar epoxy-graphene interfaces
[53,54]. The peak force denoting the transition from first to second
stage is measured as 2.55 pN in dry condition at 27 �C, which is
comparable to the value of separating different polymers from
the planar substrates, in the range of 1.4–7.2 pN [54–57]. When
water is added, the peak force is reduced by 28.0% and the expo-
sure to the elevated temperature level further decreases the peak
force in both conditions, with the largest reduction by 35.3% in
the hygrothermal environment. The lower level of peak force sug-
gests a lower interfacial fracture energy. This quantity is defined as
the energy required to separate the interface from the equilibrium
state to the completely separated state, which is represented by
the potential of mean force (PMF) as constructed by integrating
the force–displacement curve and summarized in Fig. 4(b). The
fracture energy of fiber/matrix interface is calculated as
2811.6 kcal�mol�1 in 27 �C dry condition. According to the interface
investigations using MD simulations, it is found that the interfacial
fracture energy between different polymers and the graphene
sheet ranges from 643 to 16112 kcal�mol�1 [55,58–60]. The simu-
lated fracture energy of fiber/matrix interface is within the range
reported in these different simulation studies. It is learned that
the bonding nature of these different systems is similar, which is
governed by the vdW interaction, and the variation of the reported
interfacial energies can be attributed to the differences in the
investigated polymers, model sizes, force fields, and simulation
approaches. With the presence of water molecules, the fracture
energy of fiber/matrix interface decreases to 1059.6 kcal�mol�1,
which equals to a decrease of nearly 62.3%. Moreover, the most
severe degradation is up to 68.7% in the hygrothermal environ-
ment. The simulation result demonstrates that the hygrothermal
environment severely reduces the peak force and fracture energy



Fig. 4. (a) The force-displacement curves and (b) interfacial fracture energies from normal separation simulations of the interfaces under various environmental exposures:
the fracture energy is represented by the potential of mean force (PMF) as constructed by integrating the force-displacement curve. (c) The simulation snapshots from the
third stage in force-displacement curves corresponding to the relative constant level of pulling force before final separation: for dry interfaces, there is a residual epoxy
structure observed to form a bridge between detached epoxy portion and planar wall, as indicated by the dotted rectangle; for wet interfaces, the bridge is not obvious, which
is responsible for the decreased adhesion energy. At elevated temperature of 50 �C, the epoxy becomes softened, which possesses a decreased adhesion to the bonded
material as compared to the cases at 27 �C. The atom of epoxy molecule is colored according to its vertical distance from the planar wall before the pulling simulations, and
water molecules are not shown for clarity.
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necessary to separate the fiber/matrix interface, thereby making
such interfaces weaker and degrading the composite properties.

In order to understand why the decreasing trends are observed
in the hygrothermal environment, a more detailed examination of
the molecular behavior of the interface is necessary. Due to the
interaction with water molecules, the epoxy possesses various
properties under different environmental exposures, which can
affect the interfacial behaviors during the separation simulation.
The simulation snapshots from the third stage in force-
displacement curves corresponding to the relative constant level
of pulling force before final separation are shown in Fig. 4(c), which
illustrates key differences in dry and wet conditions. For the dry
interfaces at both temperature levels, there is a residual epoxy
structure observed to form a bridge between detached epoxy por-
tion and planar wall before final separation. This hair-like bridge
has also been observed in the debonding test between epoxy and
silica substrate [61]. However, for the wet interfaces, it is observed
that during the separation, water molecules tend to diffuse into the
available space between debonded portion and substrate. The
strong polar interactions between water and epoxy promote the
debonding process, which consequently make the hair-like bridge
not obvious. In this case, the hair-like bridge formed by the epoxy
results in an extension of the interface to fail at approximately
2.4 nm in dry conditions, which decreases to 1.2 nm in wet condi-
tions. This decrease hence leads to the decreased interfacial frac-
ture energy in wet conditions. At elevated temperature of 50 �C,
the epoxy transits to a state close to the glass transition and
becomes softened, as demonstrate by the decreased cohesive
energy of epoxy molecule as shown in Table 1. The softened epoxy
possesses a decreased adhesion to the bonded material as com-
pared to the cases at 27 �C.
3.3. Shearing of fiber/matrix interface

Apart from the interfacial separation behavior, the shear behav-
ior of the fiber/matrix interface is of great concern as the interfacial
shear properties are strongly influenced when the composite is
conditioned in the hygrothermal environment. The shear force-
displacement curves measured from the SMD shear simulations
for dry and wet interfaces are shown in Fig. 5(a). The shear force
increases rapidly during the initial loading process, and then
increases slowly as the epoxy starts to slide, and finally plateaus
as the epoxy reaches the steady sliding stage. It is noted that dur-
ing the loading process, the epoxy molecule is sheared along the
periodic planar wall, and after reaching the steady sliding stage,
the distance between epoxy molecule and planar wall remains
fairly constant, and the vdW interactions between two materials
exist continuously. Therefore, the force plateaus during the steady
sliding stage and the final drop in the shear force corresponding to
the interfacial failure is not captured. In order to represent the fully
detached state, the derived traction-separation curves can be cut-
off where the epoxy reaches the steady sliding stage, and the final
drop in the shear force corresponding to the interfacial failure can
be included. Although the final interfacial detachment is not
observed here, the derived force-displacement curves correspond
closely to those obtained from the shear simulation of bilayer
interfaces between epoxy and graphene sheets as well as between
iron and precipitate [53,54,62], and also show a close correlation
with the detachment initiation and propagation in the load-
displacement curve from single-fiber pullout test and finite ele-
ment simulation [63]. When compared to the peak force of normal
separation simulation, it is observed that the level of shear force
plateau for all the simulated conditions is comparatively lower,



Fig. 5. (a) The force-displacement curves from shear simulations of the interfaces under various environmental exposures: water effectively reduces the sliding friction
between fiber and matrix. (b) This decrease can be attributed to a disruption of epoxy-epoxy hydrogen bonds (H-bonds), which are disrupted or replaced by epoxy-water
hydrogen bonds in wet conditions, and (c) the epoxy molecule transits from the closely attached state in dry conditions to the slightly detached state in wet conditions, as
indicated by the dotted rectangle. The simulation snapshots are from the level of force plateau close to the end of shear simulation. Color codes are the same as in Fig. 4.
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which is consistent with the simulation results of similar epoxy-
bonded interfaces [53,54]. The lower level of shear force as com-
pared to the separation force suggests the lower resistance of the
fiber/matrix interface to the shear load. In dry condition at 27 �C,
the level of shear force plateau is measured as 0.63 ± 0.01 pN,
which is in a close agreement with the results obtained from shear-
ing different polymers from the planar substrate, with the value of
0.4–2.0 pN [55–57]. In the presence of water molecules, the level of
shear force plateau shows similar trends to the normal separation
simulation, where the exposure to the wet environment at 27 and
50 �C leads to the reduction by 30.3% and 38.2% respectively, as
compared to the dry case at 27 �C. The detrimental effect of wet
and hygrothermal condition on the interfacial shear properties of
carbon fiber/epoxy interface has also been observed in the micro-
bond test [10,27,64,65]. Specifically, the interfacial shear strength
of fiber/matrix interface decreases by 9% and 33% after room-
temperature water immersion for 20 days [10] and for 30 days
[27] respectively, and by 41% after conditioning at 95% relative
humidity at 40 �C for 24 days [64] and also after 80 �C water
immersion for 6 h [65] respectively. Meanwhile, a more severe
deterioration in the interfacial shear properties of fiber/matrix
interface is observed with the increasing conditioning temperature
in the wet environment [66]. Although there is not a general agree-
ment over the degree of degradation, the observed reduction of
shear force by 30.3% and 38.2% in water at 27 and 50 �C is within
the range reported in the experimental studies, and the decreasing
trend of interfacial shear properties at elevated temperatures
agrees with the experimental observation as well. The simulation
result demonstrates that water molecules effectively reduce the
energy barrier to induce shearing between fiber and matrix.

The decreasing trend in shear force can be explained by the dis-
ruption of fiber/matrix interaction due to the presence of water
molecules. During the shear deformation, the epoxy molecule
interacts with the planar wall through the non-bonded interaction
represented by a vdW potential term. As seen in Fig. 5(c), the epoxy
attaches closely to the bonded wall in dry condition at both tem-
perature levels. The simulation snapshots are from the level of
force plateau close to the end of shear simulation. When the inter-
face is conditioned in the wet environment, the functional groups
of epoxy molecule interact favorably with water molecules [67].
As shown in Fig. 5(b), the number of hydrogen bond (which is cal-
culated using distance cutoff of 0.35 nm and angle cutoff of 130 �C
[68]) between epoxy functional groups decreases slightly in the
wet environment. This decrease can be directly attributed to the
interaction of epoxy molecule being disrupted or replaced by the
epoxy-water hydrogen bonds, as shown in Fig. 5(b). The favorable
epoxy-water interaction leads to a slight detachment of epoxy
molecule and the degradation of epoxy properties, as is also dis-
cussed in the previous section. During the shear simulation, the
water molecules tend to fill into the empty space between the
bonded materials, as similar to the wet cases in normal separation
simulation. Therefore, due to the polar interactions with the water
molecules, the bonded materials possess reduced contact area and
the epoxy properties degrade, and hence the interface exhibits
decreased resistance to the shear deformation.

3.4. Discussion of fiber/matrix interfacial response in hygrothermal
environment

The simulation results of structural equilibration and traction-
separation simulation have been presented for fiber/matrix inter-
faces in order to study the effects of the hygrothermal environment
on interfacial integrity. Both the separation and shear simulations
reveal that the water molecules decrease the energy required to
separate or shear the epoxy molecule from the bonded surface,
and the reduction is more severe at the elevated temperature level.
Our results suggest that in dry condition, there is a close contact
between fiber and matrix, ensuring the strong interfacial integrity
of the CFRP composite in various applications. However, due to the
polar interactions between epoxy and water, the matrix could
detach slightly; meanwhile, water molecules entering the empty
space in the detached area could accelerate the epoxy detachment,
making the interface vulnerable to the hygrothermal environment.
The results from the traction-separation simulations of fiber/ma-
trix interface can be used to derive the cohesive law, which can
be implemented in a larger-scale simulation for investigating the
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composite, with the consideration of the environmental effects on
the traction-separation relations of fiber/matrix interface. A brief
discussion about the development of cohesive laws for fiber/matrix
interface is included in the Appendix C.

As the simulations here are conducted using ideal planar wall to
represent the fiber surface without considering the surface treat-
ments, the computed absolute value of the simulation results
may not exactly match the experimental data, while the computed
values are still comparable with various MD simulation results
from the interfacial separation and shearing tests on different
polymer-graphene interfaces [53–60,62]. Meanwhile, it is noted
that the variation of interfacial mechanical properties as observed
here represents the most valuable information for understanding
the interfacial deterioration mechanism in the hygrothermal envi-
ronment, as the observed variation enables one to focus on the
most critical factors that affect the integrity of fiber/matrix inter-
face. Due to the advance in chemistry, it allows for more complex,
tailored modifications of fiber surface. The molecular model devel-
oped in this work can be adapted to simulate the functionalized
graphene sheets to represent the treated fiber surface, and the sim-
ulation strategy used here can be applicable to investigating the
traction-separation behavior of the fiber/matrix interface with var-
ious surface characteristics, so as to develop the fiber/matrix inter-
face with improved resistance to the hygrothermal environment.
4. Conclusions

In this study, atomistic SMD simulations are employed to inves-
tigate the traction-separation response of fiber/matrix interface in
the hygrothermal environment. The molecular model of fiber/ma-
trix interface is conditioned in a water box at the elevated temper-
ature level to simulate the hygrothermal environment. In dry
condition, the interface possesses stronger resistance to the inter-
facial separation and shear, as epoxy molecule attaches closely to
the bonded surface and can form the hair-like bridge that increases
the extension before final separation. In the presence of water, the
interface exhibits decreased adhesion and shear resistance as the
epoxy-water polar interaction results in the slight detachment of
epoxy molecule, which leads to the accumulation of water mole-
cules in the detached area close to the interface and thereby
degrades interfacial mechanical properties. The degradation of
interfacial traction-separation response is more severe at elevated
temperature, as the epoxy molecule becomes softened at the state
close to glass transition, and detaches/slides from the bonded sur-
face more easily under the external load. The traction-separation
responses are used to develop the cohesive zone model, which will
help model the fiber/matrix interfacial fracture in composites in a
large-scale simulation. These results are an important first step
towards the investigation of environment-affected interfacial
integrity in FRP composites. While we have specifically used the
planar wall to represent the clean surface of fiber, the computa-
tional approach can be easily adapted to rapidly evaluate the fiber
surface morphologies with different chemical modifications to
assess the water tolerance of the interfacial mechanical properties.
These techniques not only provide atomistic insights into the inter-
facial properties of fiber/matrix interface under the environmental
exposure, but also provide the paradigm for deriving the funda-
mental inputs for a multiscale analysis about how the
environment-affected interfacial bonding can affect the macroscale
composite properties.
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Appendix A. Details of molecular interface model

In this study, epoxy monomers are connected by the covalent
bond to achieve the cross-link in the structure [29,33,36]. The
epoxy monomer consists of four bisphenol A diglycidyl ethers
(DGEBAs) connected by the methylene group, which is consistent
with the SU-8 monomer [33,36]. DGEBA is the basic component
of epoxy resin used in CFRP fabrication, and the epoxy molecule
cross-linked from the monomer formed by DGEBA possesses the
common structural characteristics of epoxy resin, including high
cross-linking degree [28], which is an important analogue of the
epoxy models with various cross-linking agents. The epoxy mole-
cule interacts with the planar wall representing the fiber outer-
layer through the non-bonded vdW interaction, which is calculated
by a 12–6 Lennard-Jones (LJ) potential, and it is a generally used
term for the vdW interaction between the bonded materials:

ELJðrÞ ¼ 4eLJ
rLJ

r

� �12
� rLJ

r

� �6
� �

r 6 rcut; ðA:1Þ

where rLJ and eLJ are the two potential energy parameters denoting
the distance at which ELJ is zero and the interaction strength respec-
tively, and rcut is the cutoff distance of interaction with a value of
1.0 nm, same as that defined for the vdW interaction in the system.
The value of rLJ = 0.4 nm and eLJ = 3.0 kcal�mol�1 are chosen to lead
to a surface energy of around 100.0 mJ�m�2 for the planar wall,
which is comparable with that of graphite or graphene sheets
between 50 and 175 mJ�m�2 [69–72]. Therefore, it is expected that
the structural behavior of the fiber/matrix interface can be inter-
preted by investigating the interface formed by the DGEBA-based
epoxy and the ideal planar energetic wall in this study.

Appendix B. Dependence of pulling rate on interfacial
mechanics

In steered molecular dynamics (SMD) simulation, the depen-
dence of pulling rate on probing the nanoscale mechanics is a typ-
ical concern. To show that the force-displacement curve obtained
from the selected rate of 2.5 m�s�1 does not exhibit significant rate
dependence, a set of interfacial separation simulations are carried
out by varying the rate from 0.5 to 100 m�s�1. The force-
displacement curves obtained from separating the dry interface
at the temperature level of 27 �C are shown in Fig. B.1. At high pull-
ing rates over 10 m�s�1, the peak separation force increases with
the increasing pulling rate, and the curves show slight differences
in shape. At pulling rates ranging from 0.5 to 5 m�s�1, the force-
displacement curves do not change significantly. To capture the
proper interfacial failure mechanism and also consider the compu-
tational cost, a sufficiently slow rate of 2.5 m�s�1 is selected in the
simulations.

For the rate dependence on the interfacial shear behavior, a
recent study on the interfacial mechanics of cellulose nanocrystals
has shown that the shear force-displacement curves do not change
significantly for pulling rate ranging from 0.5 to 5 m�s�1 [73]. Given
that the bonding nature of fiber/matrix interface and cellulose
nanocrystals interface is similar, which is dominated by the non-
bonded interaction, it is inferred that the shear force-
displacement curves of fiber/matrix interface would not change



Fig. B.1. The force-displacement curves from separating the dry interface at the
temperature level of 27 �C with different pulling rates. A pulling rate of 2.5 m�s�1 is
selected for the simulations in which the traction-separation behavior is
determined.
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significantly at the same slow deformation regime. Meanwhile, the
pulling rate of 2.5 m�s�1 has been successfully used in the simula-
tion of the interfacial shear behavior between different polymers
and planar substrates in previous studies [54–57]. Therefore, it is
believed that the pulling rate of 2.5 m�s�1 is applicable to the shear
simulations of fiber/matrix interface in this study.
Appendix C. Development of cohesive laws for fiber/matrix
interface

The data from the traction-separation simulations of fiber/ma-
trix interface is used to define the cohesive law, which can be inte-
grated into a continuum model for the interface to be used in a
multiscale analysis. Based on the results of interfacial separation
simulations for both the dry and wet interfaces, the cohesive for-
mulation is developed to represent the traction-separation
response under normal separation loading. Although the interfaces
in dry and wet conditions exhibit different debonding processes,
notably the different formations of hair-like bridge before final
separation, the force-displacement curves shown in Fig. 4(a) indi-
Fig. C.1. The (a) mode I and (b) mode II cohesive zone laws (solid lines) for the molecu
points) from MD simulations under various environmental exposures.

Table C.1
Cohesive zone model parameters for normal separation of fiber/matrix interface under va

Peak normal traction (MPa) Separation d

Dry, 27 �C 254.40 0.532
Dry, 50 �C 241.63 0.518
Wet, 27 �C 189.10 0.271
Wet, 50 �C 175.35 0.248
cate that the evolution of normal separation force during the pull-
ing process is similar. This similarity suggests that the interfacial
separation for the interfaces can be described using the same ana-
lytical formulation. Based on the normal separation force-
displacement curves, the mode I traction-separation response is
derived from normalizing the total force on epoxy molecule by
the contact area, as shown in Fig. C.1(a). The derived interfacial
mode I traction-separation response has the exponential form
and is fitted by the exponential cohesive zone model [57,58,74]:

T I ¼ T Ic
uI

uIc

� �
exp 1� uI

uIc

� �
; ðC:1Þ

where TIc is the peak traction and uIc is the separation displacement
at TI = TIc. The fitted curves for the separation response are shown in
Fig. C.1(a), with the calculated coefficients of determination all over
95.8%. According to the fitted curves, the peak normal traction and
separation displacement at peak traction are determined and sum-
marized in Table C.1. In dry condition at 27 �C, the peak traction of
254.40 MPa and the corresponding displacement of 0.532 nm are
consistent with the MD-based cohesive zone model parameters of
different polymer-graphene interfaces ranging from 171 to
450 MPa and 0.2 to 0.5 nm, respectively [54–56,58]. Meanwhile,
the work of separation is calculated by integrating the fitted curves
with respect to the separation displacement. Notably, the work of
separation in dry condition at 27 �C is measured as 367.70 mJ�m�2,
which agrees closely with the value for the interfaces between dif-
ferent polymers and graphene sheets ranging from 129.1 to
560.3 mJ�m�2 [54–56,58]. It suggests that the investigated interface
model here is able to represent the nature of the interfacial bonding
between fiber and matrix. By comparing the peak normal traction
and work of separation in different conditions, it is confirmed that
the hygrothermal environment is detrimental to the interfacial
integrity between fiber and matrix.

In addition to the separation simulation, the cohesive formula-
tion is developed to represent the interfacial response under shear
loading. Although the epoxy molecule in wet conditions exhibit a
slight detachment due to the favorable interaction with water,
the overall shape and behavior in terms of traction response as
shown in Fig. 5(a) is similar for both dry and wet interfaces. This
lar fiber/matrix interface derived from the traction-separation responses (scattered

rious environmental exposures.

isplacement at peak traction (nm) Work of separation (mJ�m�2)

367.70
340.39
139.13
118.05



Table C.2
Cohesive zone model parameters for the shearing of fiber/matrix interface under various environmental exposures.

Shear displacement and traction where epoxy starts to slide Shear displacement and traction where epoxy reaches steady
sliding stage

Shear displacement (nm) Shear traction (MPa) Shear displacement (nm) Shear traction (MPa)

Dry, 27 �C 0.133 44.64 1.877 72.02
Dry, 50 �C 0.127 43.37 1.771 62.37
Wet, 27 �C 0.109 41.10 1.361 51.37
Wet, 50 �C 0.084 33.56 1.137 44.04
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enables the use of the same analytical formulation to describe the
shear response of fiber/matrix interface under different environ-
mental exposures. Accordingly, the mode II traction-separation
response during the interfacial shear simulation can be approxi-
mated by the cohesive zone model with three parts [62]:

T II ¼

T IIc1
uIIc1

uII;uII 6 uIIc1

TIIc1�TIIc2
uIIc1�uIIc2ð Þ2 uII � uIIc2ð Þ2 þ T IIc2;uIIc1 6 uII 6 uIIc2

T IIc2;uII P uIIc2

8>><
>>:

; ðC:2Þ

where uIIc1 is the shear displacement when the epoxy starts to slide,
TIIc1 is the corresponding value of shear traction, uIIc2 is the shear
displacement when the epoxy reaches the steady sliding stage,
and TIIc2 is the corresponding shear traction. The fitted curves for
the interfacial shear response in different conditions are shown in
Fig. C.1(b), with the calculated coefficients of determination all over
76.6%. As discussed previously, the shear simulation is performed
along the periodic planar wall, and thus the drop in shear traction
corresponding to total interfacial failure is not captured by these
equations. The parameters for the cohesive law are summarized
in Table C.2 for all the interfaces. For the dry interface at 27 �C,
the shear traction where the epoxy reaches the steady sliding stage
is calculated as 72.02 MPa, which is close to the cohesive zone
model parameter for the similar polymer-graphene interfaces, with
the value of 50–80 MPa [54,56]. By comparing the level of shear dis-
placement and traction in different conditions, it further confirms
the detrimental effect of the hygrothermal environment on the
fiber/matrix interface.
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