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Exposure of a composite structure to mechanical or environmental stressors often leads to the formation of
damage sites which contain rupture mechanisms such as matrix cracking and interfacial debonding. Continued
accumulation of this type of small-scale damage can cause sudden and catastrophic large-scale failure. A novel
damage characterization technique which leverages the altered physical and chemical states of naturally
absorbed moisture in response to sub-micron scale damage has recently shown promise for early detection of
damage. In this work, molecular dynamics simulations are used to better understand the differences in the
behavior of absorbed water molecules near a damage site. The results show that, irrespective of the initial
distribution of molecular water throughout the composite, or the presence of polar atoms in the polymer matrix,
water tends to preferentially cluster near the damage location. It was also found that spatial confinement near the
polymer-fiber interface hinders diffusion of the water molecules into the polymer matrix. These molecular level
insights bolster the hypothesis formulated in previous experimental studies that absorbed moisture behaves like
free water in terms of its dielectric activity when the water molecules agglomerate at the damage location.

Moisture
Debonding
Molecular dynamics

Consequently, this locally distinct permittivity can be leveraged for damage detection and quantification.

1. Introduction

The need for enhanced performance has propelled the use of epoxy-
based polymer materials in different engineering sectors. They provide
viable options as encapsulants in the microelectronic packaging industry
[1] owing to their thermal stability [2,3] and resistance to chemical
contamination [4]. Concurrently, there is an ever-increasing demand for
epoxy composites as a structural component in the automotive and
aerospace sectors [5] due to a high strength to weight ratio [6]. The
glass/quartz reinforced epoxy composites also have a low dielectric
constant [3] which leads to better electrical insulation properties [7].
Based on current predictions, the global composite market will be worth
over 146 billion USD by 2026. However, unlike conventional materials
like steel, polymer matrix composites (PMC) do not show any signs of
early-stage damage from common low velocity impact events like hail
strikes or tool drops [8]. It is also very difficult to identify damage
initiation caused by cyclic thermal loads or track fatigue damage pro-
gression [9]. This complicates any efforts of long-term service life
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prediction and makes these components susceptible to sudden and
catastrophic failure. Further exacerbating the problem, polymer com-
posites are frequently subjected to fluctuating cycles of temperature and
humidity [10] and have a propensity to absorb environmental moisture
[5,6,11]. The absorbed water molecules degrade the overall properties
of a composite as it leads to matrix plasticization, suppression of glass-
transition temperature (Tg) [12], degradation of the fiber-matrix inter-
face [13], moisture induced swelling [14] and associated generation of
damage sites through microcracks [15].

Significant research has been performed to develop damage char-
acterization techniques in polymer composites but none of the existing
ones have excelled in accuracy, financial feasibility, or flexibility.
Consequently, manual techniques like visual inspection and the ‘tap test’
are still widely used for evaluating composites despite the presence of
sophisticated methods like ultrasound, thermography, x-ray computed
tomography, shearography and acoustic emission monitoring to name a
few [16-18]. The deleterious effects of moisture in composites has
already been discussed but its ubiquitous nature, especially during
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service life makes low levels of absorption practically unavoidable. The
nature of the polymer-water interactions in a PMC is extremely complex,
but a fundamental understanding of this behavior can serve as the
cornerstone for developing a novel Non-Destructive Evaluation (NDE)
technique as evidenced in these studies [11,19-24]. The behavior of
water in a polymer network is primarily influenced by the secondary
interactions it is involved in with its surrounding atoms, and the free
volume available in the forms of nanopores and voids [25,26]. Molec-
ular water is highly polar and as it ingresses into a polymer matrix, it
engages in hydrogen-bonding and other weaker non-bonded in-
teractions with the polar sites in the network. But the matrix is a highly
crosslinked three-dimensional structure with available free volume
where water molecules can potentially cluster together. The state of
moisture in a polymer network has been investigated through various
characterization techniques like infrared spectroscopy (FTIR), Nuclear
Magnetic Resonance (NMR), and dielectric relaxation. Pethrick et al.
[27] were able to successfully use dielectric relaxation to conclusively
identify different states of water molecules in the network with distinct
relaxation frequencies. These water molecules were identified as either
“bound” to the network or “free” from any external secondary in-
teractions residing in nanopores, microcracks and voids. The theory of
this duality of water molecules in a polymer network was later bolstered
by spectroscopic studies conducted in the medium and near infrared
range (MIR and NIR) by Herrera-Gomez et al. [28] and Musto et al.
[29-31]. Based on this duality of water molecules, Altan et al. developed
a new non-Fickian diffusion model [32-34] for predicting moisture
absorption in composites which accounts for the hindered diffusion due
to physical or molecular interactions at the microscale.

The “free” and “bound” water molecules respond differently to
applied electromagnetic fields since they have different polarization
tendencies, which in turn is inextricably linked to relative permittivity.
Within the microwave frequency range of 1-10 GHz “bound” water has a
dielectric constant similar to ice, having a magnitude of ~3.2 [5,35]. In
contrast, “free” water molecules exhibit a dielectric behavior similar to
bulk water (relative permittivity ~80) across a wide range of fre-
quencies (1.3-40000 MHz) [36]. The preferential migration of free
water molecules to damage sites coupled with their distinctly different
relative permittivity allows us to leverage moisture as a damage indi-
cator for an in-service composite. This technique of detecting physical
damage in moisture contaminated composites has already been estab-
lished in previous experimental studies using dielectric resonance
[11,19-22] and NIR spectroscopy [23,24] but a molecular level picture
studying the behavior of absorbed water molecules in a damaged com-
posite is still missing.

Molecular Dynamics (MD) simulations have been extensively used to
study the properties of crosslinked polymer networks [37-39], the non-
bonded interactions of these networks with small penetrant molecules
(like water), and the eventual impact of moisture absorption on me-
chanical and thermal properties [40-42]. The secondary interactions
between water and network sites have been quantified through
hydrogen bond (H-bond) concentration and two different types (Type-I
and Type-II) of H-bonds have also been identified [43-45]. The Type-II
water molecules exhibit similar properties as ‘bound’ water and are
engaged in extensive secondary bonding with the polymer. They
contribute towards lowering the relative permittivity of the absorbed
water molecules while Type-I water molecules cluster in the available
free volume in the network and exhibit a higher dielectric constant
[45,46]. But these previous studies have only analyzed systems which
differ in chemical morphology or network topology (crosslinking den-
sity). They do not include the effects of additional free volume created
by damage or behavioral changes of the absorbed water molecules at the
fiber-matrix interface when a fiber reinforcement is introduced in the
system. The interface has been previously analyzed using MD simula-
tions and multiple studies have discussed the reduced interfacial adhe-
sion due to moisture ingress [13,47-52]. A recent study by Walsh et al.
investigated the mechanism of moisture transport at the interface and
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the network in a carbon fiber reinforced composite subjected to hygro-
scopic aging. [53].

This work attempts to use MD for simulating the behavior of water
molecules in an epoxy-quartz composite with increasing degree of
damage. The damage was modelled in the form of interfacial debonding,
which is a common mode of early-stage damage involving both the fiber
and the matrix. The temporal evolution of the water molecules was
analyzed to understand the impact of the initial concentration profile of
absorbed moisture on the eventual distribution in the composite, espe-
cially near the damage site. The interaction behavior between different
units of the composite (fiber, matrix, and sizing) was also investigated to
understand how water molecules influence the non-bonded atomic in-
teractions across the composite. Implications of increasing extent of
damage on the mobility of the water molecules was also studied. The
outcomes of this study allow us to better explain the localized rise of
relative permittivity in in-service damaged composites and provide a
nanoscale snapshot of the molecular interactions driving the newly
developed moisture assisted NDE technique [21,22].

2. Simulation details

The open-source software package, LAMMPS [54] was employed for
all molecular dynamics (MD) simulations in this study. All the molecular
models were constructed using the Amorphous Builder module in the
commercially available MAPS platform of Scienomics (Materials and
Processes Simulations Platform, Version 4.2.0, Scienomics SARL, Paris,
France). The SciPCFF forcefield was assigned to describe the bonded and
non-bonded interactions between individual atoms [55]. This forcefield
is a MAPS implementation of the class-II polymer consistent force field
(PCFF). For the bonded molecular interactions, SciPCFF borrows its
equations from PCFF while it uses bond increment parameters of various
compounds from the COMPASS force field for the assignment of atomic
partial charges [56,57]. The particle-particle particle-mesh (PPPM)
solver was used with a tolerance of 1E-4 for the long-range interactions
and the cutoff for the non-bonded interactions was set at 12 A for both
the van der Waals and the electrostatic forces.

The composite system modelled in this work comprises of three
different units- the quartz fiber, the sizing, and the epoxy matrix
respectively. The sizing is a chemical component which is coated on the
fiber reinforcement. It serves as a coupling agent between the fiber and
the matrix enhancing the overall interfacial adhesion between the two
components. The silane coupling agent y-Aminopropyltriethoxysilane
(AMPTES) which has been previously used in molecular modelling of
glass-epoxy composites [58,59] was selected as the sizing. The epoxy-
hardener combination Diglycidyl Ether of Bisphenol A (DGEBA) and
Diethylene Tetra Amine (DETA) was used to model the epoxy matrix.
This combination is frequently used in composite matrices and its
properties have been extensively studied through simulations and ex-
periments. The molecular models for the sizing, epoxy and hardener
have been shown in the SI in Figure S1 (a), (b) and (c) respectively. The
choice of the epoxy and hardener was also consistent with our previous
simulation studies [43-45] which explored the molecular interactions of
absorbed moisture in the composite matrix. A typical quartz fiber has a
diameter of around 10 pm which can be approximated as a flat slab in
our nanoscale model (dimensions in A). A (100) crystal plane of quartz
was chosen as the unit cell and replicated fifty times to construct the
quartz fiber. Thirty-six molecules of AMPTES were randomly grafted on
the surface of the quartz slab without any overlapping. These grafted
molecules represent a sizing coating adhesively bonded on the fiber. For
this epoxy-hardener combination, crosslinking occurs through the for-
mation of covalent bonds between the —CH3— site in the epoxy and the
—N5 - site in the hardener. In our earlier works, the crosslink between
reactive epoxy-hardener sites was performed dynamically using a Py-
thon script. But as discussed by Yu et al. [60], this technique becomes
complex when the system size becomes large. In this study, the repre-
sentative molecule method (RMM) was used to generate the crosslinked
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systems. RMM creates a representative unit for a crosslinked epoxy and
then packs multiple units in an amorphous simulation cell. Results have
shown that besides being simpler, this method also produces results
which are closer to experimental data [48,61]. Crosslink bonds were
created between eight molecules of the hardener and sixteen molecules
of the epoxy which served as the representative molecule. The 1:2 ratio
was maintained because each molecule of the hardener is tetrafunc-
tional and is capable of executing four crosslinking reactions, compared
to the hardener which is bifunctional. The epoxy ring was closed for the
unreacted -CH3— groups in this crosslinked chain and the hydrogens
were adjusted in the unreacted —N3- sites to prevent any valency
violation. A molecular representation of one of these crosslinked units
has been shown in Figure S2; eight such chains were packed on top of the
quartz-sizing to construct a quartz fiber composite. Since we are trying
to model damage resulting from debonding, the extent of damage was
varied by creating different models with increasing interfacial gaps be-
tween the quartz-sizing and the matrix. The reference was an undam-
aged model without an externally enforced interfacial gap between the
matrix and the fiber while three damaged scenarios were simulated by
introducing interfacial gaps of 2, 4 and 6 A respectively. These narrow
gaps are molecular level representations of debonding in the damage
initiation phase when it is particularly difficult to detect. Fig. 1 (a, b, and
c) compares the increasing degree of interfacial debond in the damaged
models.

The simulation cells for all the four models consisted of 10,884
atoms. Each of the models had 128 molecules of DGEBA crosslinked with
64 molecules of DETA and an average overall crosslinking of ~81%. The
simulation workflow followed for the dry damaged and undamaged
models borrow its methodology from our previous works [43-45] and
the details of the workflow has been added in Section 3 in the SI. For the
reference model, the water molecules were dispersed in the epoxy ma-
trix. In case of the damaged models, two different initial states were
studied. For the first scenario, all water molecules were concentrated at
the damage interface as seen in Fig. 2 (a) and in the second case, the
water molecules were dispersed in the epoxy matrix (Fig. 2 (b)). These
two different scenarios of initial moisture distribution was adopted
earlier by Cho et al. [62] to study the interfacial traction in a graphene
oxide-epoxy nanocomposite. In this work, the two cases enabled us to
observe the difference in temporal behavior of the water molecules
when they are concentrated near the damage area compared to being
dispersed throughout the polymer network. Three representative models
were created for each model type (1 undamaged and 3 damaged) by
randomly perturbing the initial positions of the water molecules in the
system. As a result, we obtained 21 different simulation systems: 4
model types with 2 different initial distributions for absorbed moisture.
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Table 1 gives a summary of the different types of composites models and
the simulation scenarios based on the initial position of water molecules.
The multiple systems allowed us to calculate an average value for any
property and reduce the probability of any outlier. Subsequently the
models were subjected to a 500-step geometry optimization process
using the Steepest Descent method. For the simulations after moisture
introduction, the models were represented as semi-infinite.

The PBC was enforced in only the x and y direction, since enforcing
the PBC in 3 dimensions would allow the water molecules near the fiber
to interact with the epoxy network of the replicated simulation cells in
the z-direction. We used a non-periodic boundary condition with a fixed
boundary in the z-direction. A vacuum of 10 A was applied on top of the
polymer matrix and the reflective wall condition was imposed on the
fixed boundary to prevent any atoms from moving out of the simulation
box. Post-optimization, a long production run of 20 ns (20000 ps) was
performed for both the undamaged and the damaged simulation cells
using the NVT ensemble. The temperature was fixed at 300 K and the
Nose-Hoover thermostat was applied with a damping coefficient of 10 fs.
A sufficiently long production run was necessary to understand the
behavior of the absorbed moisture as it interacted with the polar sites in
the polymer network and the localized free volume created due to the
fiber-matrix debonding (interfacial gap).

The systems were then analyzed at two different points in the
simulation trajectory:-.

(i) In the beginning of the production run at 1 ns
(ii) At the end of the production run at 20 ns

A quantitative comparison of the properties at these two temporal
state points across the different models allowed us to understand the
evolving behavior of the water molecules, especially near the damage
site.

3. Results and discussion
3.1. Density profile

The preferential residence sites for the ingressed water molecules in
the models was investigated by comparing the density profile (mole-
cules/;\3) along the z-axis. The variation in the profile with simulation
time allowed us to capture the behavior of the water molecules near the
damaged.

interface. From the molecular model in Fig. 2, it was calculated that
the quartz slab starts at ~8 A along the z-axis with a thickness of ~8 A.
We can see a very small peak at that z-position for all the models. This

debond

debond

Fig. 1. Molecular models showing the increasing degree of interfacial damage in (a) 2 A debond (b.) 4 A debond and (c) 6 A debond.
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Fig. 2. Two scenarios of initial moisture distribution in the damaged models. (a) Moisture clustered at the damage interface and (b) Moisture dispersed in the

polymer epoxy.

Table 1
Summary of the moisture contaminated damaged composite models.

Model Type Scenario 2: Moisture
dispersed in polymer

matrix

Scenario 1: Moisture
concentrated at
interface

Undamaged Reference (No N/A
externally enforced
interfacial debond)

2 A interfacial debond

4 A interfacial debond

6 A interfacial debond

3 representative models

3 representative models
3 representative models
3 representative models

3 representative models
3 representative models
3 representative models

indicates that although an external interfacial gap was not enforced
between the sizing molecules and the quartz, a very small fraction of
water molecules can potentially diffuse at the sizing-fiber interface.
Fig. 3(a) serves as the undamaged reference and we can observe that the
density profile in this model does not change appreciably with time. A
minute peak can be observed near the sizing-epoxy interface which in-
dicates that the water molecules initially tend to travel towards the
discontinuity in the model but due to the lack of a localized free volume,
very few of them can accumulate and the rest of the moisture gets
uniformly dispersed in the polymer matrix. Consequently, when we look
into the profiles for the damaged models, we can observe a couple of
things. As expected, when the water molecules are initially concentrated
at the fiber-matrix debond, a higher number of water molecules remain
clustered at the damage site at 1 ns. But, since the concentration of
moisture is the same across models while the damage volume varies, we
can see that in the 2 A debond model, the water molecules start diffusing
out and we observe a broad shoulder in the polymer bulk close to the
damage site. When we compare this to the 1 ns density profile for the 4 A
and 6 A models with larger damage volumes, the water molecules stay
localized near the fiber-matrix debond and do not diffuse out as quickly
as the 2 A model. As a result, we get much sharper and broader peaks
indicating greater residence times for the water molecules in the damage
site and slower diffusion out into the network. On the other hand, when
the water molecules are dispersed in the polymer bulk, they diffuse to-
wards the damage site as the simulation time progresses. When only 1 ns
of the simulation time is complete, we can see that there is no indication
of clustering at the damage site especially in the models with greater
degree of damage (4 A and 6 A debond). In case of the undamaged and 2
A debond model, there is no obvious clustering near the damage site at 1
ns when the water molecules are dispersed in the network, but a greater
concentration of moisture diffuses towards the fiber-matrix interface.
The quicker transport of the water molecules might be attributed to the

Coulombic attraction forces between the sizing and the polymer
network which have a smaller separation distance in case of these two
models. As the simulation time progresses to 20 ns and the water mol-
ecules navigate the entire model, we can see that the density profile in
the damaged models start to converge irrespective of the initial position
of the molecules. Although in one scenario moisture diffuses out of the
damage site and into the network and, in the other one, they diffuse into
the damage site from the bulk, they eventually cluster near the interface
and the equilibrium profile is very similar irrespective of the initial
position of the water molecules in the models. The final density near the
damage site is dependent on the interfacial gap and that can be observed
in the peak areas near the damage volume as seen in Fig. 3 (b), (c) and
(d). The secondary peaks at the end of the damage interface in all models
reaffirm the hypothesis that the water molecules tend to cluster near the
debond site, especially when the damage volume is not large enough to
accommodate all the water molecules. The peak heights and width in-
crease with the fiber-matrix interfacial gap and the average number of
water molecules residing in the damage site can be calculated by inte-
grating the density profile as seen in Table 2. The results in Table 2
follow the expected trend of a greater degree of accumulation with an
increase in damage volume. The average number of water molecules at
the damage site at the end of the simulation is always higher when the
water molecules are initially concentrated near the interface. This is
probably due to a combination of higher initial concentration and a
slower moisture diffusion rate out into the polymer matrix from the
damaged region.

3.2. Radial distribution functions

As discussed in our previous studies, the Radial Distribution Function
(RDF) is defined by the probability of finding a particle at a distance “r”
from a given reference particle and in case of a polar system like a
moisture-contaminated quartz-composite model, it can serve as a qual-
itative tool to determine the probabilistic distribution of non-bonded
hydrogen bonds (H-bonds) between two polar species. In this study,
the non-bonded interactions will depend not only on the partial charges
of the polar sites but also on the relative location of the water molecules
with respect to the damaged composite. The RDF will also vary
depending on when it is calculated on the temporal scale of 0 to 20 ns. In
this study, we have considered two different RDFs to account for the
different interactions a water molecule can engage in within the com-
posite network. The intermolecular RDF between the hydrogen and the
oxygen atoms of the water molecules (Ow-Hw) was calculated and then
we proceeded to calculate the RDF between the oxygen atoms in the
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Fig. 3. Average density profile for the water molecules along the z-axis at (i) 1 ns and (ii) 20 ns. The black dotted lines indicate the beginning and end of the damaged

interface in the models.

Table 2
Average number of water molecules near the damaged interface at (i) 1 ns and
(ii) 20 ns.

Type of model Water initially concentrated =~ Water initially dispersed

at interface in polymer

1ns 20 ns 1ns 20 ns
2 A interfacial debond ~ 22.48  14.23 12.01 12.22
4 A interfacial debond ~ 42.08  25.27 7.42 19.83
6 A interfacial debond ~ 46.94  28.07 12.55 22.69

water molecules and the oxygen atoms in the polar hydroxyl sites pre-
sent in the crosslinked network (Ow-OH). The mutual interactions of the
water molecules in the composite can be explained by the Ow-Hw RDF,
while the Ow-OH RDF helps us understand the interactions of the host
network with the penetrant molecules, i.e. water. In the Ow-Hw RDF
plots (Fig. 4 (a) and (b)), we observe two clear peaks at ~1.9 Aand ~3.2
A. As discussed in previous investigations of intermolecular RDF, the
peaks within 3.5 A are due to H-bonding while any peaks beyond that
are due to the effects of weaker secondary interactions like van der
Waals and electrostatic forces [63,64]. The H-bonding between water
molecules manifests in the RDF as the two peaks with the second peak
representing the H-bond between the oxygen and the second hydrogen
of the interacting water molecules [65,66]. Fig. 4 compares the inter-
molecular Ow-Hw interactions for the 6 A debond damaged composite
at 1 ns and 20 ns respectively. Similar comparative graphs for the 2 A

debond and the 4 A debond models have been included in Figures S4-I-
IV in the SI. In Fig. 4 (a), we can see that initially when the water
molecules are concentrated at the damage site (scenario 1), they have a
much higher probability of forming an intermolecular H-bond with
another water molecule. This can be seen in the significantly higher RDF
peaks when 1 ns of the simulation is complete. But as the simulation
progresses, the water molecules disperse out and navigate the polymer
network. Consequently, they also start forming H-bonds with the polar
sites in the epoxy and the RDF peaks dip to lower magnitudes at the end
of the simulation. This shows that in the beginning of the simulation the
water molecules have a higher tendency to associate with other water
molecules due to the presence of the cluster near the damage site. On the
other hand, when the water molecules are dispersed in the epoxy (Fig. 4
(b)), the peak heights do not change appreciably and there is not a
significant difference between the damaged and the undamaged RDFs
throughout the simulation time period. This is an artefact of the exten-
sive non-bonded interactions between the epoxy and the water mole-
cules from the beginning of the simulation. In line with the results of the
density profile, the RDF peak magnitudes at the end of the simulation for
both damaged scenarios converge to very similar values.

The intermolecular RDF between moisture and the polar sites in the
composite matrix (Ow-OH) has been compared in Fig. 5 ((a) and (b)).
The sharp peak at ~2.8 A in these plots corresponds to the H-bond
length between a hydroxyl site and a water molecule. For this interac-
tion, we can observe a reverse trend when we compare the peak with the
previous RDF for interacting water molecules (Fig. 4). Initially, when the
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Fig. 4. Ow-Hw RDF for a damaged model at (i) 1 ns and (ii) 20 ns when (a.) water is concentrated near debond and (b.) water is dispersed in epoxy.
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Fig. 5. Ow-OH RDF for a damaged model at (i) 1 ns and (ii) 20 ns when (a.) water is concentrated near debond and (b.) water is dispersed in epoxy.

water is concentrated at the damage interface (Fig. 5(a)), the non-
bonded interactions are dominated by the H-bonds formed between
water molecules. As a result, when we look at the Ow-OH RDF at 1 ns,
we observe that the peak is appreciably low. As the simulation proceeds,
the water molecules diffuse into the network and start interacting with
the polar sites. Consequently, the same RDF peak at 20 ns is much higher
than at 1 ns, which is a clear indication of the higher H-bonding activity
of the water molecules with the network over time. Similar to the Ow-
Hw RDF, the Ow-OH RDF peak in Fig. 5(b) does not show much

variation when the water molecules are initially dispersed in the epoxy
network. The peak is in fact slightly lower at 1 ns when the water
molecules are dispersed in the polymer. This slight dip is likely because
moisture has not interacted with all of the possible polar sites at the
beginning of the simulation.

Another interesting artefact is observed when the final RDF peaks at
20 ns are compared for the three damaged models. As seen in Fig. 6(a, b
and c), when the damage interface is narrow, i.e. 2 f\, the Ow-Hw RDF
peaks practically superimpose on each other indicating no difference in
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Fig. 6. Ow-Hw RDF peak at the end of the simulation for both the damage scenarios for a.) 2 A debond b.) 4 A debond and c)6 A debond.



R.D. Guha et al.

final H-bonding activity for both the initial scenarios of moisture dis-
tribution. But as the damage interface becomes wider, the final RDF
peaks are slightly higher for scenario 1. This is a result of the higher
number of water molecules clustered at the damage site at the end of the
simulation if they are initially concentrated at the interface for models
with a greater degree of damage. It is consistent with the calculated
values in Table 2, where we did not observe a significant difference in
the number of water molecules near the damage site for the 2 A debond
model when compared to the 4 A and 6 A debond model. Similar results
for the variation of the Ow-OH RDF have been compiled in Figure S5 of
the SI. As expected, they show a reversal in peak heights and the Ow-OH
peak is slightly higher for the damaged models for scenario 2 signifying
the greater degree of interactions between the matrix and the absorbed
moisture.

3.3. Interaction energy

The non-bonded energies between different units in the model can
help us understand the role of damage in altering the molecular level
interactions. The moisture-contaminated composite system is composed
of 4 different entities- the quartz slab, the sizing molecules, the polymer
epoxy network and the penetrant water molecules. The non-bonded
interactions between these different units will evolve differently
depending on the degree of damage and they were calculated through a
separate set of 2 ns NVT simulations at 300 K. For instance, the inter-
action energy between the sizing molecules and the epoxy network will
decrease as the separation between them increases at higher debond
widths. This can be clearly seen in Figure S6, where the attractive
interaction energy in the 2 A debond case is consistently higher when
compared to the other damaged models. The attractive interaction en-
ergies sequentially decrease as the sizing and the network gets further
separated at increasing damage levels. A subtler difference in Figure S6
can be observed in the 2 A debond case when the moisture is concen-
trated at the interface (damage scenario 1) compared to being dispersed
in the bulk (damage scenario 2). When the water molecules are initially
at the damage site, they form a molecular barrier between the network
and the sizing, which marginally decreases the interaction energy be-
tween these two units at the beginning of the simulation. As the simu-
lation progresses for the two different initial scenarios, the water
molecules get equilibrated in the system and the interaction energies
between the sizing and the network begin to converge.

The water molecules will also interact with the different units of the
composite and its interactions will be stronger with the sizing molecules
when they are near the damage site. These interactions have been
summarized in Fig. 7 ((a), (b) and (c)) for the 2 A, 4 A and 6 A debond
respectively. Consistent with the results of the density profile, we can see
in Fig. 7(a) that in case of the 2 A debond model, when the water
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molecules are dispersed in the network, they quickly diffuse to the
damage site and start interacting with the sizing molecules. This leads to
an increase in attractive interaction energies as the simulation pro-
gresses. Conversely, when the water molecules are concentrated at the
interface, there is a strong interaction at the beginning of the simulation,
which decreases as the water molecules start diffusing out into the
network. This trend is similar in all the three models but when the
damage is low (2 A debond), the energies converge quickly (before 1 ns)
while in the other two damaged models, the convergence is slower.
These interactions and their convergence align with our previous results
for the density profile. In the case of the 2 A model, when the water was
dispersed in the bulk, the accumulation at the interface had started at 1
ns which is reflected here by the increase in attraction energy between
the sizing and the water molecules. In comparison, the interaction en-
ergies are very low for the 4 and the 6 A debond model when the water is
dispersed in the polymer which reflects in the lower concentration of
water molecules near the damage interface at 1 ns.

3.4. H-bonds

The multiple polar sites in the damaged composite will have partial
charges due to their electronegativity differences. Additionally, water
itself is a highly polar molecule with large electronegativity differences
between the hydrogen and the oxygen atoms. The partial charges
assigned to the polar atoms in this model have been tabulated in
Table S1 in the SI. As mentioned earlier, the non-bonded polar sites in
the model will interact with each other through the formation of H-
bonds and the relative quantities of the different types of these bonds
can help us in quantifying the preferential state of a water molecule in a
damaged composite system. For this study, we have calculated a tem-
poral average of the H-bonds at two different simulation states. The
average H-bond quantity has been calculated from the first 1 ns of the
simulation trajectory in the damaged systems, and then compared with
the last 1 ns of the 20 ns trajectory. The last 1 ns of the undamaged
system serves as the reference state for understanding how the water
molecules are expected to behave in a pristine composite. In line with
our previous studies, the H-bond was calculated using a Python script
based on a geometric criterion, i.e., if the distance and the angle between
a donor (partially charged positive site)-acceptor (partially charged
negative site) was found to be below a threshold, then the H-bond
quantity was incremented. The distance cutoff was 2.5 A and the angle
cutoff was 90°. A random water molecule in the composite model can
form three different types of H-bonds.

(i) It can form an H-bond with another water molecule.
(ii) It can form an H-bond with the polar sites in the epoxy network
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(iii) It can form an H-bond with the polar sites in the quartz fiber and
the sizing molecules.

In our previous works which have analyzed the molecular in-
teractions in a composite matrix, (i) and (ii) have been denoted as Type-I
and Type-II bonds respectively. We have followed the same notation in
this work and extended it by denoting (iii) as a Type-IIl H-bond. The H-
bonding activity of the absorbed moisture for the three damaged models
has been depicted in Fig. 8 and they have been normalized by the total
number of bonds formed by the water molecules. The dotted reference
lines indicate the normalized H-bond concentrations in the undamaged
reference model. The results therefore show the probability of a water
molecule to form a particular type of H-bond. The first thing we can
observe is that in all the models, water has the highest tendency to bind
to the network and form a Type-II H-bond. Conversely, the Type-III H-
bond has the lowest probability of formation, even in the presence of
damage. This is consistent with previous experimental studies, which
have shown that moisture absorption in composites is primarily domi-
nated by diffusion into the matrix while the fibers absorb negligible
moisture [67]. If we look at the results from the first 1 ns when the water
molecules are concentrated at the damage interface in all the 3 models,
we observe that the water molecules have an appreciably higher ten-
dency to form a Type-I H-bond while the Type-II H-bond formation
probability is significantly lower than the undamaged reference. Inter-
estingly, this is consistent with the RDF results of Section 3.2. The Ow-
Hw RDF peak provides a qualitative probability of finding a water
molecule at a distance which is consistent with the H-bond length. This
probability is quantitatively vindicated by the Type-I H-bond formation
tendency, which is higher when the water molecules are clustered at the
interface. Similarly, the OH-Ow RDF peak is the reflection of the non-
bonded interaction between water and the polar sites in the network
and the lower OH-Ow RDF peak at 1 ns is due to the reduced probability
of the water molecules to form a Type-II H-bond when they are near the
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damage site. We also observe that the Type-IlI H-bond formation
probability is slightly higher in the initial phase of the simulation when
the water molecules are concentrated at the interface (Scenario 1 first 1
ns). But as the simulation progresses, the water molecules diffuse out
into the network and the Type-I and Type-II H-bonds start to match up
with the reference undamaged system. At the end of 20 ns, regardless of
the initial state of water molecules in the damaged system, the
normalized H-bond concentrations are pretty similar with the damage
systems having a slightly higher normalized concentration of Type-I or
Type-IIl H-bonds and a lower concentration of Type-II H-bonds. These
results match up with our observations in Sections 3.1 and 3.2. In section
3.1, we have already seen that there is an accumulation of the water
molecules at the damage site which is independent of the initial state of
moisture in the damaged systems. This clustering of moisture will in-
crease the probability of water molecules to either engage in Type-I H-
bonds with other water molecules at the damage site or engage in a
Type-III H-bond with the sizing and the fiber. Additionally, if the final
concentration at the end of the simulation is checked for the two damage
scenarios in any of the 3 models, then we find that the Type-I concen-
tration is slightly higher for damage scenario 1 with the Type-II con-
centration being lower. This comparison is depicted in Figure S7 and
validates our previous results which have shown marginally greater
moisture accumulation near the damage site when the water molecules
are concentrated at the interface.

3.5. MSD and diffusion coefficient

The presence of damage in a composite influences its moisture ab-
sorption properties. Previous experimental studies have shown that
absorbed moisture preferentially migrates to the micro-cracks and voids
generated by damage events like low energy impact [11,19,21,22].
These damage sites act as cavities for the water molecules to cluster
together away from the polar sites in the matrix and exhibit elevated
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Fig. 8. Normalized H-bond concentration for absorbed moisture in a.) 2 A debond b.) 4 A debond and c)6 A debond models.
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dielectric signatures. This localized rise in dielectric constant can be
used for sub-nanoscale damage detection and quantification.

In the polymer matrix, individual water molecules interact with the
polar sites and diffuse in the network through a hopping mechanism
with an approximate residence time in the order of tenths of nanosec-
onds per site [68], but the presence of localized free volume allows
water molecules to agglomerate which influences its mobility. A
comparative analysis of the diffusion coefficient (D) of the water mol-
ecules can help us understand the role of damage in the transport phe-
nomenon of absorbed moisture. For atomistic simulations, D can be
calculated from the slope of the mean square displacement (MSD) curve
and its details have been included in the SI.

Fig. 9 shows the MSD of water molecules over time for the 2 A
debond model. Similar plots for the other two damaged models have
been included in Figure S8 of the SI and they have comparable trends.
The MSD in the undamaged system has been included as a reference and
we can observe that the water molecules have a much greater
displacement which would eventually lead to a higher diffusion coeffi-
cient when a larger proportion of moisture is dispersed in the network.
This is demonstrated by the flattening of the MSD curves as we move
from the undamaged reference to a damaged system where the moisture
is initially dispersed in the bulk, and finally to the damaged system
which has the absorbed moisture concentrated at the interface. The vi-
sual flattening is confirmed by the diffusion coefficients as seen in
Fig. 10. The x-axis in the plot shows the debond width and we have
assumed that the undamaged reference has no measurable debonding
between the fiber and the matrix (debond width of O }o\). The diffusion
coefficient (slope) was calculated in the common linear region between
500 ps and 2500 ps of the simulation trajectory and every scatter point
in the plot is an average calculated from 3 representative models with
the error bars signifying the standard deviation. The results show that as
the damage increases in the system, the water molecules show decreased
diffusivity owing to its accumulation near the damage site. It is inter-
esting to point out that the movement of the water molecules is also
impeded due to type-II polar interactions with the polymer network, but
the diffusivity results in this study suggest that localized confinement
near the damage site has a greater impact on moisture diffusion than
secondary H-bonding interactions. We have already observed in Section
3.1 that the final moisture concentration near the damage site is directly
proportional to the debond width. When the damage increases, greater
clustering is observed at the interface even if the water molecules are
dispersed in the composite matrix. This phenomenon is corroborated by
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the diffusion coefficient as it decreases with increase in debond width.
The initial concentration of the absorbed moisture also plays a role in the
diffusivity. In damage scenario 1, all the water molecules are spatially
confined together near the debond in the beginning of the simulation.
Consequently, they diffuse out into the matrix slower when compared to
scenario 2 where the water molecules are initially dispersed in the
polymer network.

4. Conclusion

This simulation study helps us obtain a molecular understanding of
the behavior of absorbed moisture in a damaged composite. The
polymer-water interactions in a composite matrix is a widely studied
research area and multiple studies have hypothesized the influence of
different factors contributing to property degradation. The results in this
study suggest that water molecules tend to cluster near the damage site
regardless of the initial distribution of moisture in the damaged system.
The non-bonded interactions are also influenced by damage as seen in
the H-bonding activity of the water molecules. The increase in Type-I
bonding with the introduction of damage reaffirms the theory that
water molecules have a higher tendency to accumulate at the damage
interface. We also observe that the interfacial energy at the fiber-matrix
interface changes with the extent of damage which determines how
quickly water starts migrating towards the damage interface. The
combination of all of these molecular phenomena leads to spatial
confinement of the absorbed water molecules near the interfacial
debond and a hindered diffusion rate out into the polymer matrix as the
damage area increases in the composite. These confined water molecules
at the damage site will behave like free water in terms of its dielectric
activity.

The results from this study are critical in understanding how mois-
ture is absorbed in a polymer composite and how the difference in
polymer-water interactions can help us in detecting damage in a com-
posite. The ubiquitous presence of atmospheric moisture coupled with
the inevitability of low energy impact events for an in-service composite
guarantees absorption and based on this study we can conclude that the
absorbed water molecules will tend to diffuse towards the damaged
areas and exist as clusters of free water. This molecular level finding
corroborates previous experimental studies, which have shown a local-
ized rise in permittivity near barely visible damage sites in polymer-
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based composites. These studies also show that the rise in permittivity is
directly proportional to the extent of damage. Since clusters of water
molecules exhibit bulk behavior, they have a much higher dielectric
constant compared to polymer bound water molecules. In this study, a
higher number of water molecules agglomerate at the damage site as the
interface width increases. This indicates that a greater number of water
molecules near the damage site will behave like ‘free’ water leading to a
higher rise in localized permittivity which can be leveraged for both
damage detection and quantification.
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