Composites Science and Technology 271 (2025) 111354

. . ; . =
Contents lists available at ScienceDirect ==

COMPOSITES

SCIENCE AND TECHNOLOGY

Composites Science and Technology

journal homepage: www.elsevier.com/locate/compscitech

L))

Check for

Decoupling the effects of topographical roughness and oxidation on the | el
interfacial properties of carbon fiber-epoxy composites

Filip Vukovi¢ »*®>* Ben Newman *?, Yanting Yin “¢, Gunther G. Andersson “¢,
Luke C. Henderson *“, Tiffany R. Walsh #%>™*

2 Institute for Frontier Materials, Deakin University, Geelong, VIC 3216, Australia

Y Institute of Applied Physics, TU Wien, Vienna 1040, Austria

¢ Flinders Institute for Nanoscale Science and Technology, Flinders University, Adelaide, SA 5042, Australia

d Flinders Microscopy and Microanalysis, College of Science and Engineering, Flinders University, Adelaide, SA 5042, Australia
¢ Carbon Nexus, Institute for Frontier Materials, Deakin University, Geelong, VIC 3216, Australia

ARTICLE INFO ABSTRACT
Keywords: Carbon fiber composites under mechanical loading conditions must effectively transfer stresses from the
Carbon fiber polymer composites relatively weak structural polymer matrix to the load-bearing carbon fiber. Oxidation treatments of the carbon
Int‘erfa_ces fiber surface are a common strategy for improving the interface between fiber and matrix, and is understood
Oxidation o ) to increase both the fiber surface roughness, as well as modify the fiber surface chemistry for better resin
Molecular dynamics simulation compatibility. However, it is challenging to decouple the effects of oxidation treatments on the fiber-matrix
Epoxy . . s . . .
interface by experiment alone. Here, molecular dynamics simulations of topographically rough carbon fiber
surfaces, both with and without oxidation, are interfaced with a thermoset epoxy matrix to decouple the
impact of surface roughness and chemical interactions on the interfacial interaction between fiber and matrix.
Smoother surfaces yield a greater enhancement of interfacial shear stress in fiber displacement simulations
after oxidation, with the pristine graphite surface yielding the greatest increase relative to its non-oxidized
value. Additionally, the results suggest that nanoscale fiber surface corrugation perpendicular to the fiber
axis could be employed as a strategy to enhance the interfacial shear strength of composites. Overall, these
simulations provide nanoscale insights regarding the interplay between surface roughness and chemistry of
composite interfaces, which may inform future fiber surface treatments.
1. Introduction that these treatments work by (i) by increasing fiber surface roughness
by either etching the carbon surface itself or creating a textured surface
Carbon fiber reinforced composite (CFRC) materials are prevalent with the addition of new chemical groups, and/or (ii) by introducing
in high-performance structural applications where weight is a critical additional chemical interactions between the fiber surface and the
factor, due to their excellent mechanical properties and low specific matrix. However, it remains challenging to decouple these effects not
weight relative to traditional engineering metals. A more recent and only due to the limited spatial and temporal resolution of traditional
increasingly important application of CFRCs is the reduction of mass in experimental methods, but also the lack of realistic atomistic models

structural components as a strategy for reducing emissions, which has
been employed in both the aviation [1,2] and transport sectors [3,4].
Being a composite material, the juncture between carbon fiber (CF) and
polymer matrix, herein referred to as the CF-matrix interface, plays
a vital role in the stress transfer from the load bearing CFs to the
relatively weak polymer matrix, and may ultimately limit the mechan-
ical performances of the composite as debonding is a common failure
mode [5,6]. In an effort to improve the interface quality between fiber
and matrix, the CF surface and the modification thereof has been the
focus of many recent studies of the CFRC interface [7-9]. It is thought

of the CF surface that incorporate roughness.

Surface oxidation treatments of the CF have been known to improve
the CFRC interfacial bond since the commercialization of CF, and
remains an important step in modern CF production. It is understood
that oxidation treatments not only increase the amount of oxygen
bearing functional groups covalently bound to the CF, but also etch
and roughen the CF surface [10-13]. These factors, coupled with the
additional complication of the matrix response which may also vary
depending on chemical composition, topology and spatial structure of
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the network, as well as the overall degree of crosslinking (DoC) of
the resin, all affect the quality of the interfacial bond between fiber
and matrix. Here, molecular dynamics (MD) simulations can provide
insights regarding the molecular interactions at the CF-matrix interface,
not only because of the short lengthscale and fine timescale resolution
compared to many experimental techniques, but also because of the
ability to purposely craft idealized, de-coupled, and comparative simu-
lations that can isolate these factors to explore the mechanistic origins
of interfacial stress transfer. In particular, MD simulations have played
a key role in identifying and designing chemical functionalization of
the CF surface as a viable strategy in enhancing the interfacial shear
strength of the composite [7,14-16]. Here, simulations were used to
study the possible molecular mechanisms of these covalent functional-
izations and their effects on the interfacial shear stress (ISS), which is a
commonly used proxy for the interfacial shear strength, IFSS (not to be
confused with the interfacial shear stress [17]), and has informed the
design of bespoke functional groups specifically designed to improve
the ISS of CFRCs [18].

In the simulation literature of carbon fiber-polymer interfaces,
graphite is typically used as a surrogate model for the carbon fiber
surface. Within this approximation, many reports have investigated sur-
face roughening and its impact on the mechanical properties of several
related carbon-polymer interfaces, e.g. graphite defects, graphite ori-
entation, surface wrinkling related carbon-polymer interfaces [19-29].
While graphite remains an adequate surrogate for the CF surface for
many CFRC interface simulations, capturing the mechanical response
of a pristine CF-matrix interface under CF displacement loading remains
challenging. A recent report by Sohail et al. used an experimentally
guided approach, where Fourier-series decomposition of atomic force
microscopy (AFM) images of the CF surface profile were used to inform
MD simulations from which a length-scale averaged shear stress could
be back-calculated [24]. While the shear stresses predicted by this
method are comparable to experimental data, it is not able to elucidate
the interplay between nanoscale roughness and oxidation chemistry
on the mechanical performance. Recent simulations reported by Li
et al. represent a major step forward in CF surface modeling [30]. The
authors produced turbostratic CF surfaces by heating and compressing
graphite flakes into trapizoidal surface shapes, and interfaced these
models with a two-part epoxy for further simulation. These authors
report that higher protrusion of the CF surface into the matrix enhances
tensile strength for both perpendicular and shear stress loadings.

Disparate from surface roughness effects, the link between oxygen
content on the CF surface and improved ISS has been experimentally
established for some time [11,12,31-35]. There have been numerous
simulation studies that have sought to elucidate the effect of oxy-
gen bearing functional groups on the composite interface. Semoto
et al. [36] reported density functional theory (DFT) simulations of a
bisphenol-A diglycidyl ether (DEGEBA) fragment in-vacuo pulled along
a graphite edge functionalized with hydroxyl and carboxbylic acid
groups. Graphite edges functionalized with carboxylic acid groups were
found to have a greater interaction energy with the epoxy polymer
fragment relative to the hydroxyl, and both graphite edge models
were observed to interact via hydrogen bonding with the polymer
fragment. Further DFT simulations have explored interactions of a
DAGEBA and diaminodiphenyl solfone oligomer unit absorbed onto
graphene and oxidized (hydroxyl and epoxy) graphene surfaces [37].
The authors report that dispersion interactions were similar for both
graphene and oxidized graphene, whereas oxidized graphene was found
to foster significant hydrogen bonding between the hydroxyl, epoxy,
amine and sulfonyl groups present in the oligomer and at the oxidized
graphene surface. Early MD simulations of oxidized composite inter-
faces were reported by Jang et al. [38], where shingle stacked graphite
flakes functionalized with hydroxyl, epoxy and carbonyl groups, were
interfaced with a vinyl ester liquid (not-cured resin) to study the
near-interface liquid structuring. Recent experimental and MD sim-
ulations of both pristine and hydroxylated graphite interfaced with
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an epoxy resin agglomeration consisting of DGEBA and methyl hex-
ahydrophthalic anhydride (MeHHPA), were reported by Wang et al.
[39]. The authors reported that the interfacial energy change under
substrate displacement simulations was greater for the oxidized com-
posites. However, this work used a pre-packed matrix preparation
approach, and therefore could not capture the interphase of the com-
posite interface. Furthermore, the modeling of functional COOH groups
did not take into account the chemistry of how these groups would form
under oxidation conditions, i.e. they were simply attached to the basal
graphite plane.

Related to oxidized CF-polymer interfaces, Li et al. [40] reported
coarse-grain MD simulations of graphene oxide interfaced with a polybu-
tadiene polymer matrix explored the impact of oxygen group hetero-
geneity in graphene-oxide polymer composites. The authors reported
that non-uniform distributions of oxidized domains of the graphene
would template heterogeneity into the polymer matrix density in
the interphase, indicating that the distribution of oxygen functional
groups may impact the structure of the epoxy matrix in the CFRC
interphase. Small oxygen bearing functional groups covalently attached
to the graphite surface have been extensively reported in the literature,
however there is a general lack of integration of chemical intuition
regarding how and where these groups would form on the CF surface,
mainly due to the limitations of using graphite as a surrogate structural
model for CF.

Here, MD simulations of both oxidized and non-oxidized CF surfaces
were performed to explore the impact of nanoscale surface roughness,
thought to be inherent to the CF surface, and oxygen chemistry on
the mechanical properties of the CFRC interface. Structural models of
the CF surface reported by Vukovié¢ and Walsh [41] go beyond the
typical planar graphite surrogate, employing reactive MD simulations
to generate topographically rich CF surfaces which can then be trans-
lated to a more suitable fixed-topology force field capable of modeling
polymer-fiber interfaces. Three distinct types of surface roughness were
investigated: globally flat surfaces that feature short-range roughness
with amplitudes on the order of a few Angstroms, similar in quality
to commercial abrasive paper; relatively smooth surfaces that feature
long-range global corrugation and exposed graphitic carbon edges; and
the idealized perfectly flat graphite surface. Herein the first surface
model will be referred to as sandpaper CF, and the second will be
referred to as hills CF. The rough CF surfaces were interfaced with a
typical structural epoxy of bisphenol F diglycidyl ether (commercially
referred to as EPON-862, and herein referred to as EPON for short)
and diethyl toluenediamine (DETDA). The effects of significant levels
of surface oxidation were also explored for all CF surfaces. The CF
surface models used herein represent a significant step beyond the
typical models of the CF surface employed to-date.

2. Methods
2.1. General simulation details

CF structural models were generated using a multi-stage process
which is discussed in the following section, however all production
simulations of the composite interfaces were performed using the
LAMMPS software package [42], employing GPU acceleration where
possible [43-48]. These composite simulations employed the DREI-
DING force field [49], using the Buckingham function for pair-wise
interactions ({ = 12) with no additional hydrogen bonding terms.
Van-der Waals interactions were truncated and shifted at 12 A, and
electrostatics beyond the same cutoff distance were calculated using the
particle—particle-particle mesh method [44]. The DREIDING force field
has been used successfully in previous carbon-polymer interface MD
simulations [17,50] and is therefore used here to ensure comparability
with these prior simulation efforts. The equations of motion were
integrated using a timestep of 1fs, and temperature and pressures
were controlled using the Nosé-Hoover thermostat and barostat, for the
NVT and NPT ensembles, respectively, unless otherwise specified. All
analyses were performed using in-house codes.
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2.2. Carbon fiber surface models

Two distinct topographically complex CF models were generated
as per the methodology established in Ref. [41]. In brief, each CF
surface model was generated using reactive MD simulations with the
carbon-only EDIP potential [51]. A slab-like geometry is achieved by
introducing a vacuum gap during the annealing stage, forming a carbon
slab with an upper and lower surface. Two types of surface roughness
were generated by varying the annealing temperature and time, result-
ing in one CF slab with short-ranged roughness termed ‘sandpaper’,
and another with smoother exposed surfaces with longer length-scale
undulations termed ‘hills’. The sandpaper CF was generated using an
annealing temperature of 3000 K and was annealed for 50 ps, whereas
the hills CF was annealed at 3000K for 400ps. These carbon-only
structures were then passivated by either saturating graphitic edges
and under-coordinated carbons with hydrogen, or oxidized as per
the methodology described in the following section. The passivated
structures were then ported to a fixed-topology description suitable
for use with the DREIDING potential. Partial charges were assigned
to unique atom types based on charge values as calculated using the
charge equilibration (qEq) method [52], as per the DREIDING specifi-
cation. For each element present, similar chemical environments were
classified and given a unique atom type, and partial charge values were
averaged over all atoms within a given type. This process results in a
small amount of residual total charge for the unit cell, which was then
redistributed over the atom types to ensure net-zero charge of the entire
CF substrate. Unit cell dimensions in x and y were approximately 100 A
long, with an approximate slab thickness of around 15 A, and were thus
comparable in dimension to the idealized graphite substrates used in
previous works [15,50]. All the carbon and hydrogen only CF models
are herein referred to as ‘plain’ to distinguish them from their oxidized
counterparts.

2.2.1. Oxidation of CF surfaces

A total of three oxidized CF models were used for the oxidized
composite simulations: oxidized versions of each of the two rough
CF surface models (sandpaper and hills), as well as an oxidized four-
layer graphite substrate. An overall 0.3 O/C ratio was targeted, as
informed by X-ray photoelectron spectroscopy (XPS) of pristine, and
electrochemically oxidized CFs under various currents and exposure
times (Section S2.1 in the SI). All CF models were oxidized using
an in-house code named ‘CarbOx’, which can install simple oxygen
bearing chemical groups on general atomistic carbon structures given a
standard coordinate input file. This code has been made freely available
for use under the GPL-3.0 license [53].

The three CF surfaces were oxidized according to the following
algorithm. Two general types of carbon were identified for oxidation
within the CF models: edge carbon which refers to under-coordinated
atoms, and so-called ‘surface’ carbon. Here, surface carbon refers to
atoms that constitute the upper and lower surfaces of the slab-geometry
CF models. A surface mesh generation algorithm was used to identify
surface atoms [54-56]. Surface meshes were generated using a probe
radius of 3.5 f\, and atoms that form these defined surfaces were deemed
to be ‘surface’, with all other atoms then designated as ‘interior’ sites.
It should be noted that due to the disordered and porous nature of the
CF models, particularly the hills CF, carbon atoms that bordered the
few porous domains present within the CF interior were identified as
surface carbons. This was not deemed to be an issue, and as such these
sites were similarly considered as eligible surface carbons.

Oxygen bearing functional groups were selected based on experi-
mental reports of oxidation treatments of CF and related carbon materi-
als (e.g. XPS, Fourier-transform infrared spectroscopy, and '*C nuclear
magnetic resonance spectroscopy) [12,57-59]. The results of previous
MD simulation studies of graphene oxide reduction were also con-
sidered [60]. First, all edge and under-coordinated carbon sites were
selected for oxidation, and three potential functional groups could
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be covalently attached at these sites: carboxylic acid, carbonyl, or
hydrogen. A preference of carboxylic acid over carbonyl was given with
a probability of 0.6 to 0.4, as determined from a previous simulation
study of graphene oxide reduction [60]. If the oxidation algorithm was
unable to physically accommodate the specified group onto a particular
edge site due to steric hindrance, then the site was instead passivated
with a single hydrogen.

With all under-coordinated carbons saturated, surface sp®> carbon
sites were then oxidized such that the total O/C ratios were comparable
to the experimental XPS values. A possibility of two functional groups
could be installed at designated surface (sp?) carbon site: hydroxyl, and
epoxy. Hydroxyl functionalization was given a probability preference
over epoxy of 0.7 to 0.3 [60]. As was the case for edge carbon function-
alization, if the group could not be fit at the target carbon site due to
overlap with surrounding atoms, then it was rejected and not installed.
This resulted in oxygen groups being installed on roughly 70 % of the
surface carbon sites in the hills CF and slightly less for the sandpaper CF
given the larger proportion of edge carbon present in the latter. Details
regarding the final compositions of the oxidized CF models are provided
in Table 1 in Section 3.1 of the Results.

Additionally, oxygen groups attached at surface carbon sites were
installed with the appropriate orientation, directed away from the CF
bulk and up towards the vacuum gap. This posed an additional chal-
lenge as corrugations were present in the rough CF models, particularly
in the hills CF, meaning that carbons could not be defined as belonging
to either the upper or lower surface just by the absolute z coordinate
of the carbon alone. To determine which surface a particular surface
carbon belonged to, a local cylindrical domain of CF carbons were
selected within a radius 5A away from the target surface carbon was
used to determine the thickness and height profile of the CF local to
the target site. If the target surface carbon was in the upper half of
this local CF domain, then the functional group was installed projecting
towards the upper cell boundary, otherwise the functional group was
flipped to project towards the lower cell boundary. This procedure
ensured that functional groups were installed on the outer surfaces of
the CF, as would most likely be the case in the real scenario. Due to
the complexities in defining a CF surface as well as the presence of
both interior under-coordinated carbons and interior graphitic edges,
this procedure resulted in a small amount of sub-surface oxidation.

The third oxidized CF model consisted four-layers of graphite lattice
stacked in an ABAB pattern, with similar simulation cell dimensions to
the two rough CF models. As there were no edge or under-coordinated
carbons in the graphite slab, only hydroxyl and epoxy groups were
installed onto the two outer surfaces of the graphite slab and no
sub-surface oxidation was permitted.

Partial charges were assigned to the functional groups and their
neighboring carbons, with partial charge values balanced within the
functional group such that each group was charge neutral. Calculation
of these partial charge values was performed using a vacuum gap
between the upper and lower CF surfaces of ~ 60A using periodic
boundary conditions for x and y unit cell boundaries, and a non-
periodic condition in the z boundary, making the appropriate slab
geometry corrections for the long-range electrostatic contributions. The
calculation was performed for both the oxidized sandpaper and oxi-
dized hills models, and resulted in similar charge values for like oxygen
groups. These values were then slightly adjusted so that general partial
charge values could be used for atoms within each oxygen group,
thereby maintaining charge neutrality within the simulation cell. A
table of partial charge values used in these simulations is provided in
the SI (Tables S1 and S2).

2.3. Modeling the composite interfaces
The plain and oxidized CF slabs, as well as the oxidized graphite,

were then interfaced with a liquid epoxy precursor mixture, which was
subsequently crosslinked to form an epoxy network. First, a vacuum
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gap was introduced to the unit cell above the CF slab, and a precursor
mixture 1600 EPON and 800 DETDA monomers was subsequently
packed into the gap at low density using a combination of the PACK-
MOL [61] and MOLTEMPLATE [62] software packages. This resulted in
a liquid mixture with a stoichiometric ratio of 2:1, which theoretically
permits every epoxy group in the resin to form a crosslink bond during
cure. Two simulation replicas of each precursor system were made,
which were independently brought to equilibrium density by sampling
different initial velocity distributions, resulting in a total of six indepen-
dent CF precursor composites. The CF-liquid precursors were brought to
an equilibrium density at 500K (the approximate experimental curing
temperature for an EPON-DETDA epoxy resin) over 2ns of anisotropic
NPT simulation at 1 atm of pressure. Density profiles shown in Figure S6
of the SI indicate that equilibrium density was achieved within the first
300ps of dynamics. The precursor composites were then subjected to
a series of simulated annealing cycles to ensure that the liquid was
thoroughly mixed and equilibrated in the presence of the CF surfaces.
Further details regarding the simulated annealing are provided in the
SI. Separate linear mass density profiles of EPON and DETDA were
calculated perpendicular to the CF surface (along the z coordinate) after
each successive simulated annealing cycle. The convergence of these
mass density profiles was used to monitor the liquid mixture, from
which five simulated annealing cycles were determined to be sufficient.

Being a fixed-topology force field, DREIDING has no in-built provi-
sions to model covalent chemical reactions. Crosslinking of the epoxy
was therefore achieved by employing the REACTER protocol of
Gissinger et al. [63,64], which enables the breaking and forming of
covalent bonds within traditional fixed-topology force fields. Each
EPON monomer bears two reactive epoxy groups that are permitted to
react with the two amine groups on the DETA monomers. Amine groups
in their unreacted state, known as primary amine, are able to undergo
two crosslink reactions, becoming a secondary and tertiary amine with
each successive reaction. Unlike prior simulation studies of crosslinked
epoxy networks and interfaces [50,65], here epoxy groups were ini-
tially modeled in their unreacted state, i.e. as a closed epoxy ring.
During periods of simulation which are termed ‘crosslinking dynamics’,
the formation of a crosslink bond was permitted to occur between any
epoxy groups and amine groups (oxygen to nitrogen distance) separated
by a distance less than the specified crosslinking cutoff distance r.. In
addition, for every timestep of crosslinking dynamics where an epoxy-
amine pair satisfy the distance criteria, there is a 50 % probability of
forming a crosslink bond. If a potential epoxy-amine pair is permitted
to crosslink, the two sites undergo a crosslink procedure which is
controlled by limited displacement dynamics within the REACTER
scheme, separate from the global thermostat. First the epoxy ring is
opened breaking the O-C bond, and a proton from the amine group
is transferred from the nitrogen to the now-undercoordinated carbon.
Subsequently, a bond is formed between the oxygen and nitrogen sites,
completing the crosslink event. Bond topology and partial charges are
updated during the event so that the total system remains charge neu-
tral, and that electrostatics and non-bonded interactions are computed
correctly following the event.

The final resin curing protocol used here was determined after
significant testing with a pure EPON-DETDA polymer system. The
results of these tests are discussed in Section S2.5 of the SI. A single
round of crosslinking for a given cutoff distance consisted of (i) 500 ps
of crosslinking dynamics at 500K in the NVT ensemble, (ii) a further
200 ps of crosslinking dynamics in the NPT ensemble at 500K and 1 atm,
and (iii) a final stage of regular non-crosslinking NVT dynamics at
500K. Two rounds of crosslinking were performed using a r, = 3A
and 4 A. During crosslinking dynamics, van der Waals interactions were
switched from the usual X6 functions to the Lennard-Jones description,
to ensure stable dynamics during the crosslink events. This was done
as the X6 functional form has catastrophic behavior at small separation
distances, and while these separation distances are not typically seen
accessible during regular dynamics, they can occur during crosslink

Composites Science and Technology 271 (2025) 111354

events. Composites ultimately achieved a DoC of around 85 %, however,
frames at 78 % DoC were used for further analysis to ensure that the
results could be compared to prior graphite composites [50]. Graphs of
the number of crosslink bonds as a function of simulation time for all
samples are shown in the SI, Figures S10-S12.

With the resin matrix cured to 78 % DoC, van der Waals interactions
were switched back to use the usual X6 description. The cured compos-
ite samples were subjected to 1ns of NPT dynamics at 500K and 1atm
using dual thermostats, one for the polymer network and another for
the CF substrate. Samples were then cooled down to 300K over 5 ps in
the NPT ensemble, with a linear cooling rate of 4x10'°K s~!, and main-
taining 1atm of pressure. With the composites at room temperature,
each sample was then subjected to a further 2ns of NPT dynamics at
300K and 1 atm, or standard ambient temperature and pressure (SATP),
prior to further analysis.

2.4. Analyses

The interfacial shear stress (ISS) of the composite interfaces was
determined via CF substrate displacement simulations. To this end, the
total potential energy difference was calculated for a CF displacement
of 40A, to maintain comparability with previously-published simula-
tions. The total potential energy was recorded every fs, and curves
were smoothed using a uniform linear filter with a window of 1000 data
points. Only the CF carbon atoms were frozen and displaced during the
displacement simulations, i.e. polymer atoms and the functional groups
attached to the CF were not frozen. All free atoms were thermostatted
using the Langevin thermostat at 300 K and permitted to move accord-
ing to the forces acting on them. The CF was displaced at a rate of
0.5Aps~!. This strain rate is orders of magnitude larger than typical
experimental rates, which is necessary given the limited timescales
that are practically accessible to MD simulations. As such, we do not
directly compare absolute predicted ISS values to their experimental
counterparts, and instead focus on the relative differences between
the different systems modeled. Two CF displacement simulations were
performed for each composite replica sample, one displacing the CF
along the x coordinate, and another displacing along y. It is worth
noting that for the hills composites, CF displacement along x aligns
parallel with the global corrugation axis, whereas CF displacement
along y is perpendicular to the corrugation. To calculate the ISS, the
work done displacing the CF may be related to the ISS, 7, via the
equation [17]

% —2L.L M

x -y

where L, and L, are the x and y dimensions of the CF slab, / is the
displacement distance, and W is the change in total potential energy.
A table of unit cell dimensions for all crosslinked and cooled composites
is provided in the SI (Table S4).

To quantify the mechanical response of the polymer matrix under
substrate displacement, displacement vectors of polymer atoms were
calculated and decomposed into components lateral and transverse to
CF displacement, and were then spatially binned along the z coordinate
which is perpendicular to the CF surface. More specifically, the dis-
placement vectors of atomic position for polymer atoms between 0 and
40 A of CF displacement were decomposed into components that moved
parallel with the CF displacement (longitudinal), and perpendicular
to the CF (transverse) were spatially binned along the z coordinate
perpendicular to the CF surface and normalized by the bin volume. A
spatial grid of 100 bins was used for all composites, which results in a
bin width of around 1A, due to the differences in unit cell dimensions
between the different composites.

Sub-networks within the matrix were identified within the polymer
using a graph theory approach, where each monomer is treated as a
node and crosslink bonds between monomer units were taken to be
edges. Mass density profiles were calculated for each of these sub-
networks along the z axis perpendicular to the CF surface over 300 ps
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Fig. 1. Images of the CF substrates showing only carbon atoms, i.e. hydrogen and oxygen have been removed for visual clarity, and colored according to height
profile. These images illustrate the difference in both range and scale of roughness between the sandpaper and hills CFs. All substrates have been translated such

that z =0 is in plane with the lowest carbon atom.

of NPT simulation at 300K and 1atm, after cooling. Profiles sampled
simulation frames every picosecond, resulting in a total of 301 frames
used for the calculation. Once more, 100 spatial bins along the z unit
cell direction were used for this calculation.

3. Results and discussion
3.1. CF substrate, liquid precursor, and composite characterization

A total of five unique CF composite interfaces were explored: two
featuring CFs with no oxidation and distinct nanoscale roughness of
the CF, two with CFs that feature both nanoscale roughness and heavy
oxidation CF surfaces, and a final composite that features a topograph-
ically smooth and heavily oxidized graphite CF surrogate. Two replica
simulations were performed for each of these unique composites. For
the non-oxidized CF, which will be referred to as ‘plain’ CF composites,
two distinct variations of nanoscale roughness were modeled. The first
featured disordered carbon topology with high frequency roughness
with surface fluctuations on the order of several angstroms and was
globally flat, referred to as the sandpaper CF. The second plain CF
featured smoother graphitic topology, lower frequency roughness, and
greater surface height fluctuations, as well as global corrugations that
were aligned along the x unit cell axis, referred to as hills CF. For
the oxidized CF composites, both sandpaper and hills CF models were
heavily oxidized via the introduction of covalently bonded oxygen
bearing functional groups. The third oxidized composite comprised a
four-layer graphite model of CF with similar levels of surface oxidation.

Fig. 1 presents images of all CF models showing only the carbon
atoms which have been color coded according to height, where the
CF has been translated such that the lowest carbon atom is at z = 0.
While it is challenging to quantify the difference in roughness character
between the plain sandpaper and plain hills surfaces, these images
illustrate a clear qualitative difference between the two. It can also be
seen that the oxidation of the CF models has induced further roughness
into the CF surfaces, and is particularly apparent for the hills CF.
Two mechanisms are likely inducing the additional roughness in the

oxidized CF surfaces, (i) surface sp®> carbon adopting sp® geometry
after functionalization, and (ii) strong hydrogen bonding interactions
between sub-surface oxygen groups located at internal graphitic edges
which can strain the CF surface. Fig. 2 presents a schematic of the pro-
posed oxidized edge hydrogen bonding induced additional roughness,
illustrating how the attractive interactions between oxidized interior
sheet edges may induce additional surface topography. The inset image
presents an example of this interior edge oxygen group interaction
occurring between several carboxylic acid and carbonyl groups on two
graphitic sheet edges in the hills-oxidized CF model.

In the case of the oxidized CF models, four functional groups were
present: carboxylic acid and carbonyl, which were attached to edge
and under-coordinated carbon sites, and hydroxyl and epoxy groups
that were attached to sp? surface carbons only. Table 2 presents the
atomic decomposition of each of these CF models. Much of the smooth
character of the hills CF surface may be attributed to the higher fraction
of sp? carbons which forms graphitic surfaces and is approximately 10 %
greater than that seen in the sandpaper CF.

Table 2

Absolute number of atoms and percentage breakdown of atomic composition
for each CF substrate. The percentage of sp’> C specifically refers to the
percentage ratio of three-fold coordinated carbon to all other carbons.

System Total atoms 0] H C sp? C
Sandpaper 19212 0 6 94 87
Hills 18312 0 3 97 99
Sandpaper-oxide 25596 17 11 72 61
Hills-oxide 24346 16 10 74 71
Graphite-oxide 23843 10 7 83 85

Data from XPS experiments of both pristine CF and CF exposed
to electrochemical oxidation for various lengths of time were used
to determine maximal oxygen loading conditions for the CF models.
Details of the XPS results and methodology are provided in the SI,
Section S2.1. The results indicated that an O/C ratio of ~ 0.3 was the
maximal amount of oxygen loading before the oxygen fraction drops
with extended oxidation. Hence the oxidation of the CF models targeted
a similar oxygen content fraction of around 0.3. Table 1 presents a

Table 1

Breakdown of functional groups in oxidized CF models.
System o/C COOH co COOH/CO Edge H hydroxyl Epoxy Hydroxyl/epoxy
Graphite-oxide 0.12 0 0 0 0 1633 705 2.3
Sandpaper-oxide 0.24 458 398 1.2 34 2163 915 2.4
Hills-oxide 0.22 136 176 0.8 107 2301 1112 2.1
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No oxygen edge termination
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Fig. 2. Schematic of how interior edge oxidation may induce additional surface topography. Inset image in the blue box shows an example of this sub-surface
hydrogen bonding interaction between functional groups on two nearby sub-surface graphitic edges in the oxidized hills CF. Carbon atoms are colored gray,

oxygen in red, and hydrogen in white.

breakdown of the oxygen functional groups present in the oxidized CF
models. The total O/C ratios of both the sandpaper-oxidized and hills-
oxidized CFs was 0.24 and 0.22 respectively. Given that the CF models
contain not only surface carbon available for functionalization, but also
feature a small amount of interior sites, the actual surface O/C would
be greater than that of the entire CF model, and was approximated to be
slightly above 0.3 by considering only the first surface layer of carbon
and oxygen. The graphite-oxide model has a considerably lower O/C
ratio of 0.12 which is primarily due three factors: first, the flat pristine
graphite lattice presents less surface area for functional groups to be
installed; second, no carboxylic acid or carbonyl groups were present
as there are no edge carbon; and third, as there were no holes or defects
in the graphite there was no reason to install oxygen functional groups
in the sub-surface layers. Considering only the top layer of the oxidized
graphite model, the O/C ratio is ~ 0.24, close to the experimental XPS
value of just under 0.3.

The plain CF models contain many topologically and topograph-
ically interesting surface structures, from standard graphite defects
such as edges, vacancies, and non-hexagonal rings that induce surface
curvature [66], to more complex and larger scale features such as sheet
intersections, internal pores, and cave-entrance like structures. These
topographical features provide the liquid polymer precursor mixture
with a complex surface to interface with. Relative to both previously
reported simulations of pristine graphite epoxy interfaces [50], as well

as the relatively flat oxidized graphite liquid mixture composite, both
the sandpaper and hills CFs do not permit structuring of the liquid
epoxy to the same extent as these aforementioned flat CF surfaces. Mass
density distributions (provided in the SI, Figures S7-S9) of the sandpa-
per CF show a weak density peak for both EPON and DETDA at the
CF onset, and the sandpaper-oxidized CF presents a single weak peak
at the CF onset for just EPON. The sandpaper CF surface structure also
contained larger voids relative to the other CFs, which were directly
exposed to the liquid precursor. Fig. 3 presents an image of the first
monolayer of liquid epoxy mixture (with the CF and remainder of the
liquid removed for clarity), where a monomer was defined to be part of
the first monolayer if any of its constituent atoms was within 3 A of the
CF surface. An inset image shows this singular EPON monomer with
the context of the CF surface. Many monomer units extend into the CF
surface undulations and pores, however one entire EPON monomer was
observed to be reside within a surface pore in both replica simulations
of the plain sandpaper interface, and in replica one of the oxidized
sandpaper liquid precursor. None of these embedded monomers formed
crosslinks in the fully cured composites.

Similar mass density distribution behavior was observed for the
plain and oxidized hills CFs, however it should be noted that the global
curvature makes interpretation of the overall mass density distributions
challenging as weak structuring at the CF surface would be lost in
the overall mass density due to the fluctuation of surface height, as

Fig. 3. Image of the first monolayer of liquid polymer at the CF surface (CF removed for visual clarity) of the plain sandpaper composite, where blue molecules
are EPON, orange are DETDA, and the black lines denote the periodic boundary of the simulation cell. The red-bordered inset image shows a close-up of one
sub-surface buried, and another partially buried EPON monomers, with all other monomers and non-carbon atoms removed for clarity.
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Fig. 4. Replica averaged mass density profiles of unreacted monomers and
small disconnected network chains (a), and the dominant polymer network (b),
binned along the z axis perpendicular to the CF surface. For reference, the CF
approximately occupies the regions between relative z = 0 to 0.12, and z = 0.88
to 1. Visualization of the small polymer chains and unreacted monomers for the
graphite-oxide composite (replica 1) is shown in panel (c), with the various
disconnected chains shown in different colors. Here the dominant polymer
network has been removed for visual clarity and atoms comprising the CF are
colored gray.

mass density is averaged over slabs of volume perpendicular to the
z direction. Comparatively strong liquid structuring was observed in
the oxidized graphite composites, with at least two strong and distinct
density peaks present at the CF onset for both EPON and DETDA.
All liquid precursor composites were then crosslinked up to a DoC
of 78% and cooled to SATP conditions in the NPT ensemble for CF
displacement simulations and further characterization.

The resultant crosslinked matrix topology was analyzed using a
graph theory approach, revealing that all systems exhibited a sim-
ilar polymer matrix structure: a dominant network that comprised
majority of the monomer units, several small and disconnected net-
works, a few unreacted EPON monomers, and trace-to-no amounts of

Composites Science and Technology 271 (2025) 111354

unreacted DETDA. Fig. 4 presents mass density distributions several
components of the crosslinked polymer network, namely the loose un-
reacted monomers and small disconnected networks shown in panel (a),
and the dominant network mass distribution shown in panel (b), plotted
as a function of relative z coordinate. Here, a relative z coordinate is
used so that composites with slightly different final unit cell dimensions
may be more readily compared. An image of the disconnected networks
and loose monomers for the oxidized graphite composite (replica 1)
is shown in Panel (c) of Fig. 4. A concentration of both unreacted
EPON monomer units, and small disconnected polymer networks at the
polymer interphase is present and can be observed in Fig. 4a, noting
that the CF-matrix interface is located at a relative z coordinate of
approximately 0.12 and 0.88. This indicates that crucial polymer matrix
interphase was inherently compromised in that there is a lower degree
of main network connection in the interphase relative to the bulk poly-
mer. It is worth noting that the very definition of an interphase requires
a metric that is able to distinguish bulk-like behavior of a material
from material that is affected by the presence of an interface. Here, it
is suggested that not only should the polymer density be considered
when classifying an interphase in polymer-x interfaces, but also the
topological structure of the matrix should also be considered. Future
research regarding the enhancement of mechanical interaction the
CFRC interface should investigate this compromised polymer network
topology at interfaces, in an effort to reduce this effect and increase the
mechanical transfer of loads from CF to matrix.

3.2. CF displacement simulations and matrix response

The fully crosslinked composites were then subjected to CF dis-
placement simulations to calculate the relative ISS and characterize
the mechanical response and interactions of the CF matrix interface.
Fig. 5 presents replica and displacement direction averaged potential
energy difference curves as a function of CF displacement for all com-
posites, where the shaded region of each curve represents one standard
deviation from the mean value. In the case of the plain CF composite
displacement simulations (blue and green curves), high frequency short
lengthscale roughness was found to consistently result in a higher
potential energy change up to ~ 25A of CF displacement. Beyond CF
displacements of 25 A, only when global corrugations of the smoother
hills CF where perpendicular to the displacement direction could the
potential energy difference curve match that of the sandpaper case.
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Fig. 5. Replica and pullout direction averaged potential energy difference
curves as a function of substrate lateral displacement for the plain composite
systems. Shaded regions indicate one standard deviation from the mean. Data
for graphite taken from Ref. [50].
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CF displacements in the hills composites that were aligned with the
corrugation produced the lowest potential energy difference response.

For context, the purple line shows the potential energy difference
of a pristine four-layer graphite epoxy composite of similar unit cell
dimensions, using data from Ref. [50], and is essentially zero over
all displacement distances. The potential energy difference response
for the composite comprising an oxidized version of graphite exhibits
unique behavior, with the largest energy difference of 3500kJ mol™'
up to about 8A of displacement, which then plateaus for the re-
maining displacement distances up to an ultimate value of just over
4000kJ mol~! similar to the ultimate mean value for the plain hills com-
posite. The characteristic response of the potential energy difference
in both the sandpaper composites and the hills composites is similar
between the plain and oxidized variants, albeit with an overall increase
in potential energy difference for the oxidized cases. Furthermore, the
large difference between aligned and anti-aligned CF displacement and
corrugation direction in the hills CF was preserved after oxidation,
indicating that surface oxidation does not interfere with the interfacial
mechanism of the corrugation effect. This increased potential difference
in the oxidized cases appears to be proportional with CF displacement
distance, with the oxidized sandpaper composite resulting in the small-
est overall increase relative to the plain case, and the oxidized hills
composite yielding in the greatest.

A proxy measure for the ultimate interfacial shear strength of a
composite is the ISS, which was calculated for all composites at a CF
displacement of 40A. Fig. 6 presents these replica and displacement
direction averaged ISS data, comparing the plain and oxidized values
for each type of CF structure. ISS values of all oxidized composites
were greater than their plain counterparts, with the graphite composite
exhibiting the largest change from effectively zero for the plain case
to 31(1) MPa. Interestingly, the addition of oxygen groups does not
yield a uniform increase in the ISS for all CF surfaces, suggesting that
there may be competing effects at play as a result of the oxidation
process. The hills CF showed the second highest ISS increase after
oxidation, with an ISS of 31(6) MPa and increasing to 50(8) MPa after
oxidation. The sandpaper CF exhibited the lowest ISS increase with a
plain composite value of 36(1) MPa which increased to 40(2) MPa after
oxidation. Observing the trends in ISS, improvements via oxidation
treatment are most effective when the CF has large domains of rel-
atively flat surface. Presumably, oxidation on flat portions of the CF
allows for greater engagement with the polymer matrix, perhaps by
accommodating matrix packing that enables more interaction between
electronegative sites of the matrix, and the CF oxidation. However,
it is not possible to completely decouple the chemistry effect of the
oxidation from the additional topography induced by the oxidation

60
Il Plain

[ Oxidised

ISS [MPa]

Hills
CF surface

Sandpaper

Graphite

Fig. 6. Replica and displacement direction averaged ISS comparing the re-
sponse of plain and oxidized composites, with error bars denoting one standard
deviation from the mean. Data for plain graphite from Ref. [50].
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process. For the sandpaper CF, it may be that the roughness lengthscale,
i.e. the distances between topographical peaks on the surface, is small
enough such that the oxidation begins to effectively smooth out the
surface presented to the polymer as the oxygen groups fill in surface
undulations. Clearly, this smoothing effect was not strong enough to
completely counter the additional chemical interactions between the
polymer matrix and the surface functional groups.

To characterize the response of the polymer matrix under CF dis-
placement, the displacement of the polymer itself was quantified after
40A of CF displacement. Displacement profiles of the polymer matrix
were calculated by binning the total displacement of each polymer
atom, in both longitudinal and transverse directions relative to the CF
displacement direction, along the z coordinate perpendicular to the CF
surfaces. Fig. 7 presents replica averaged polymer displacement distri-
butions for both the longitudinal (solid lines) and transverse (dashed
lines) displacements of atoms belonging to the polymer matrix are
plotted as a function of the relative z coordinate of each composite,
along the x (Fig. 7a) and y (Fig. 7b) directions.
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Fig. 7. Replica averaged polymer displacements as a function of simulation
cell length z, perpendicular to the CF surface, for all composite systems. Dis-
placements of polymer-only heavy atoms shown for displacements longitudinal
and transverse to the CF displacement direction, shown with solid and dashed
lines, respectively. Results for substrate displacement in the x and y direction
is shown in panels (a) and (b), respectively.
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The longitudinal displacement density may be also considered as
a shear field of the matrix, with all composites exhibiting a similar
behavior of high shear at the CF-matrix interfaces at approximately 0.12
and 0.88 relative z coordinate values, that tapers off to a minimum at
the center of the matrix at a relative z of 0.5. It should be noted that
due to slight variations in CF thickness between each model, the exact
CF-matrix onset is located at slightly different relative z coordinates.
A slightly different trend is present in the transverse displacement of
the polymer which peaks at the CF-matrix interface and is followed by
a trough before increasing and ultimately tapering off to zero at the
center of the matrix. These slight troughs in the transverse polymer
displacement indicate that standing compression waves that extend
perpendicular from the CF surface may form during CF displacement,
potentially due to the polymer structuring in the interphase region.

In the case of CF displacements in the x direction, the bulk matrix
behavior is distinct between the oxidized and plain CF composites,
with the hills composite exhibiting the lowest polymer shear, followed
by the sandpaper composite. For CF displacement in y shown in Fig.
7b, once more the effect of corrugation-CF displacement alignment is
apparent with an increase of not only the transverse component but
also the shear longitudinal component of matrix displacement for both
plain and oxidized hills composites. Comparing the polymer response
for the hills composite with CF displacement aligned (Fig. 7a) and anti-
aligned with the corrugation (Fig. 7b), the entire longitudinal profile
is increased almost uniformly over the entire polymer region. This
result indicates that the large scale corrugation not only increases the
transfer of shear stress between CF and polymer at the interface, but
is also effective in transferring the CF displacement throughout the
interphase and into the polymer bulk. Note that a similar increase
can be observed for the transverse polymer displacement profiles. For
the best performing composite, the oxidized hills with anti-aligned
CF displacement, the peaks of the longitudinal polymer displacement
in the interphase were similar to both the oxidized sandpaper and
oxidized graphite, however the bulk-like polymer displacements were
greater than all other composites studied.

Hydrogen bonding analysis was performed on the three oxidized
composite interfaces during CF displacement simulations by calculat-
ing the number of donating and accepting hydrogen bonds every pi-
cosecond during CF displacement. Intra-matrix hydrogen bond counts,
shown in Figs. 8a and 8¢, and CF-matrix hydrogen bond counts, shown
in Figs. 8b and 8d, each exhibit similar curve characteristics for all
oxidized interfaces. The number of inter-matrix hydrogen bonds ini-
tially increase for all interfaces, then plateau for displacements past
30A. The one exception to this trend is for oxidized hills CF surfaces
under y CF displacements, which appear to continue to increase up to
the ultimate displacement of 40 A. Oxidized graphite surfaces plateau
to a slightly lower hydrogen bond count relative to the rough oxidized
surfaces which exhibit similar curves under x coordinate CF displace-
ments. When combined with the polymer displacement data shown
previously, these results make intuitive sense. Surfaces with global
corrugation can apply a greater transverse stress to the polymer matrix
when CF displacements are anti-aligned with the corrugation, thereby
resulting in an increase in intra-matrix hydrogen bonding as the matrix
is compressed.

CF-matrix hydrogen bond counts were found to be similar for hills
and sandpaper oxidized surfaces under both x (Fig. 8b) and y (Fig.
8d) CF displacement, with an initial decrease followed by a plateau.
oxidized graphite surfaces yield similar curves, with a slightly increased
initial value, indicating greater hydrogen bonding between CF and
matrix prior to CF displacement.

The polymer displacement and hydrogen bonding data suggests
that there are two separate factors that may impact the mechanical
response of the composite interface under CF displacement. First the
initial traction between CF and matrix at the interface itself, which may
be affected by both nanoscale roughness and chemical interactions via
oxidation. Second, the ability of both the matrix and the CF to transfer
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unit cell directions.

the applied load to the interphase region of the matrix. This can be
affected by ensuring that the polymer network topology is minimally
compromised in the interphase, and by the presence of large global
corrugations in the CF surface which could potentially apply compres-
sive loads to the matrix during CF displacement thereby engaging the
strongly connected bulk matrix region during CF displacement events.

4. Conclusions

Molecular dynamics simulations of novel topographically and chem-
ically rich CFRC interfaces have been used to decouple the impact
of two factors that affect the mechanical response of the CF-matrix
interface: intrinsic nanoscale roughness of the CF surface; and chemical
interaction due to oxygen functional groups on the surface. These
simulations of rough non-oxidized interfaces provide a more appro-
priate benchmark of ISS for pristine CFRCs beyond that of a pristine
graphite composite. After oxidation treatments, CF surfaces that had
large graphitic (relatively flat) surface domains exhibited the greatest
increase in ISS relative to their un-oxidized state. According to these
data, an optimal heavily oxidized CF surface is one with nanoscale
surface corrugation that can effectively transfer the shear load up
beyond the matrix interphase and into the bulk-like matrix, with the
length-scale between surface peaks such that high oxygen functional
group loading does not fill in the surface topography presented to the
matrix. To summarize, we find that both nanoscale surface roughness
and chemical interaction from oxygen bearing groups can enhance the
ISS, but that the addition of oxygen groups may also effectively smooth
out the CF surface, thereby reducing the enhancement effect.

Further characterization of the matrix at the interphase region has
also revealed a disconnected network topology exists in the interphase,
suggesting that further improvement of interfacial interaction between
CF and matrix could be achieved through targeted repair or crosslinking
at the CF-matrix interface. In summary, these simulations provide
unprecedented insights into the molecular-level details of the mechan-
ical integrity of CFRC interfaces with realistic CF surfaces. Addressing
these findings may inform novel targeted next generation oxidation
procedures applied during CF production, and provides a roadmap
towards further improving the interfacial shear stress of the fiber matrix
interface under tensile loading conditions.
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