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Abstract The addition of nanoparticles serves as an effective reinforcement strategy for polymeric coatings, utilizing their unique characteris-
tics as well as extraordinary mechanical, thermal, and electrical properties. The exceptionally high surface-to-volume ratio of nanoparticles im-
parts remarkable reinforcing potentials, yet it simultaneously gives rise to a prevalent tendency for nanoparticles to agglomerate into clusters
within nanocomposites. The agglomeration behavior of the nanoparticles is predominantly influenced by their distinct microstructures and var-
ied weight concentrations. This study investigated the synergistic effects of nanoparticle geometric shape and weight concentration on the dis-
persion characteristics of nanoparticles and the physical-mechanical performances of nano-reinforced epoxy coatings. Three carbon-based
nanoparticles, nanodiamonds (NDs), carbon nanotubes (CNTs), and graphenes (GNPs), were incorporated into epoxy coatings at three weight
concentrations (0.5%, 1.0%, and 2.0%). The experimental findings reveal that epoxy coatings reinforced with NDs demonstrated the most ho-
mogenous dispersion characteristics, lowest viscosity, and reduced porosity among all the nanoparticles, which could be attributed to the spheri-
cal geometry shape. Due to the superior physical properties, ND-reinforced nanocomposites displayed the highest abrasion resistance and ten-
sile properties. Specifically, the 1.0wt% ND-reinforced nanocomposites exhibited 60%, 52%, and 97% improvements in mass lost, tensile strength,
and failure strain, respectively, compared to pure epoxy. Furthermore, the representative volume element (RVE) modeling was employed to vali-
date the experimental results, while highlighting the critical role of nanoparticle agglomeration, orientation, and the presence of voids on the
mechanical properties of the nanocomposites. Nano-reinforced epoxy coatings with enhanced mechanical properties are well-suited for applica-

tion in protective coatings for pipelines, industrial equipment, and automotive parts, where high wear resistance is essential.
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INTRODUCTION

Epoxy-based polymeric coatings play a pivotal role in shielding
metal substrates from corrosion, abrasion, chemical exposure,
and other forms of degradation, thereby extending their service
life and maintaining operational efficiency."" However, despite
these advantages, epoxy coatings are susceptible to inherent
porosity, resulting in the formation of numerous microcracks
and voids during the curing process.”®! Due to thermal expan-
sion and mechanical stress, these structural imperfections may
subsequently develop over time, which compromises the adhe-
sion of the coating on the metal substrate, undermines coating
uniformity, and potentially leads to other detrimental issues like
coating cracking and delamination. Thus, the development
of epoxy coatings with enhanced durability and mechanical
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performance is essential to ensure long-term protection and
preserve the metal substrate integrity in real-world applications.

The incorporation of nano-reinforcements has attracted
significant attention in the development of advanced materi-
als.6-91 Numerous recent studies have been dedicated to ex-
ploring the impact of nanomaterials on enhancing the me-
chanical, electrical, and thermal properties of polymer com-
posites. Among the array of nanomaterials, nanocarbons, in-
cluding graphenes (GNPs), carbon nanotubes (CNTs), and
nanodiamonds (NDs) possessing different dimensionalities
have emerged as particularly promising candidates.l'%'!1 This
enhancement can primarily be attributed to their high sur-
face area, high strength and rigidity, low density, and strong
bonding capabilities with polymeric matrices.2131 Specifical-
ly, NDs are spherical carbon nanoparticles with a highly crys-
talline structure. Their small size and large surface area con-
tribute to significant improvements in the mechanical
strength, hardness, and wear resistance of coatings.'4 CNTs,
with their cylindrical carbon structures, are renowned for their
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exceptional tensile strength, electrical conductivity, and ther-
mal properties.'S] GNPs, two-dimensional nanomaterials
composed of stacked graphene layers, are widely recognized
for their outstanding mechanical strength, thermal conduc-
tivity, and barrier properties.l'®!

The uniform distribution of nanoparticles is essential for
achieving superior properties in composite materials.[7.18l
Notably, the homogeneous dispersion of CNTs and GNPs
within the polymer matrix can serve as nucleation sites, regu-
lating the performance of the proposed nanocomposite.l']
However, ensuring a homogeneous and consistent disper-
sion of nanocarbons within the polymer matrix poses a signif-
icant challenge.29 During the mixing process, nanoparticles
tend to agglomerate due to two competing factors: (i) strong
self-attractions driven by van der Waals forces and (ii) low in-
terfacial interaction with the surrounding polymers.[21-231 Ex-
tensive research has underscored the critical role of function-
alization, dispersion methods, particle geometry, and concen-
tration in determining the dispersion quality of carbon-based
nanoparticles.[24-26] |n addition to these well-discussed fac-
tors, the dimensional characteristics of carbon-based
nanoparticles may also affect their dispersion in epoxy coat-
ings, yet this aspect remains to be systematically investigated.
Among the carbon-based nanoparticles, ND exhibits a spheri-
cal geometric shape, with carbon atoms arranged in a tetra-
hedral structure through sp3 hybridization, where each car-
bon atom forms covalent bonds with four adjacent atoms.[27]
In contrast, CNT and GNP are composed of carbon atoms ar-
ranged in a sp? hybridization pattern.l28! CNTs are character-
ized by tubular structures with diameters typically in the
nanometer range.l2%1 While GNP consists of a single layer of
carbon atoms forming a 2D hexagonal lattice structure, with a
thickness of approximately 0.142 nm between adjacent car-
bon atoms.B% Thus, ND, CNT, and GNP are classified as zero-
dimensional (0-D), one-dimensional (1-D), and two-dimen-
sional (2-D) material, respectively, based on their dimensions
exceeding 100 nanometers in 0, 1, or 2 dimensions. The ma-
jority of previous studies have primarily concentrated on ex-
ploring the enhanced performance of epoxy-based nanocom-
posites reinforced with individual nanoparticles. There has
been very limited research investigating the influence of vari-
ous geometric shapes of carbon-based nanoparticles on the
overall performance of these nanocomposites. In addition,
numerous investigations have demonstrated that the weight
concentration of carbon-based nanoparticles has been identi-
fied as a significant factor influencing the mechanical perfor-
mance of nanocomposites. Furthermore, there is a severe lack
of literature investigating the synergistic effects of nanoparti-
cle geometric shapes and weight concentrations.

Computational methodologies, such as finite element anal-
ysis (FEA), are broadly employed as indispensable tools in
simulating the mechanical behaviors of nanocomposites, due
to its ability to model heterogeneous materials with complex
geometries and offer insights in stress distribution, failure
mechanism, and other detailed data that is difficult to obtain
through experimental method alone.3'32 However, it is chal-
lenging for macro-scale computational models to assess mi-
croscopic features and interactions of nanocomposites due to
the vast differences in scale and complexity between

nanoparticles and macro composites.l3334 Multiscale model-
ing has been widely used to address these challenges by
bridging the wide range of length and time scales in various
material phenomena.l3536] Representative volume element
(RVE), as the smallest volume to represent the whole material
domain, is an efficient approach to simulate the microstruc-
tural features of composites from micro- to macro-
scales.l37381 Conducting both experimental and RVE simula-
tion in studying nanocomposites leverages the respective
strengths of each method and achieves a comprehensive un-
derstanding that neither method could achieve alone.

To date, the influence of nanoparticle geometries on the
performance of carbon-based nanoparticle-reinforced epoxy
coatings remains inconclusive, as does the impact of geomet-
ric shapes at different nanoparticle weight concentrations. To
bridge this research gap, this study aimed to investigate the
synergistic effects of nanoparticle geometric shape and
weight concentration on epoxy nanocomposite coatings, us-
ing both experimental investigation and numerical simula-
tion approaches. Nanoparticles with three different geomet-
ric shapes (0D ND, 1D CNT, and 2D GNP) and three different
weight concentrations (0.5%, 1.0%, and 2.0%) were incorpo-
rated into the epoxy coatings. transmission electron mi-
croscopy (TEM), scanning electron microscopy (SEM), and dy-
namic light scattering (DLS) were employed to distinguish the
unique geometric shapes of these three carbon-based
nanoparticles and characterize their dispersion qualities. Ro-
tational viscosity tests, micro-computed tomography (micro-
CT), and contact angle tests were conducted to evaluate the
porosity, viscosity, and wettability of the nanocomposites, re-
spectively. The mechanical properties of the nanocomposites
were examined by Taber abrasion and dog-bone tensile tests.
Finite element analyses (FEA) using multiscale Representative
Volume Element (RVE) modeling were also performed to vali-
date the mechanical property results and further explore the
effects of nanoparticle orientation and agglomeration on the
mechanical properties of the nanocomposites. Although the
findings in this study on carbon-based nanoparticles may not
be universally valid for other nanoparticle with different
chemical compositions, this study may still provide valuable
insights into the effect of nanoparticle geometries on the per-
formance of polymer nanocomposites.

EXPERIMENTAL

Materials

A commercially commonly used epoxy, EPON™ Resin 828, ob-
tained from Hexion Inc. (Columbus, OH, USA), was utilized as the
polymer matrix material. The undiluted clear difunctional
bisphenol A/epichlorohydrin derived liquid epoxy resin was
crosslinked with a modified polyamide curing agent,
EPIIKURE™ 3175. Three carbon-based nanoparticles, namely 0D
NDs, 1D CNTs, and 2D GNPs, were selected aimed to explore the
impact of the geometric morphology on nanofiller-reinforced
nanocomposites. Additionally, their carbon-based nature facili-
tates the absence of chemical reactions between the nanofillers
and the polymers®?, allowing a focused examination on the ef-
fects of nanoparticles’ geometric morphology. The nanoparti-
cles were procured from Skyspring Nanomaterials Inc., and their
specifications are detailed in Table 1. Regarding the particle di-
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Table 1 Specifications of the carbon-based nanoparticles.

Nanoparticles

Specifications

ND GNP CNT
Appearance Grey powder Black powder Black powder
Purity >95% >95% >95%
Morphology Spherical Platelets Fibrous
- . 4 Outside diameter: 50-100
Dimension (nm) Diameter: 3—4 Averagrﬁicg:fnrgsestlesr.JéSM 0 Inside diameter: 5-10
: Length: 5x103-2x10*
Surface area (m?/g) ~282 120-150 >60
True density (g/cm?) 3.05-3.30 ~2.27 ~2.10

mensions of each nanoparticle, the most commonly used di-
mensions were selected to align with their practical applica-
tions as nanofillers in polymer nanocomposites. Even though
the three carbon-based nanoparticles showed some variations
in size, the modification effects remained valid and comparable
when the weight additions of all the nanoparticles were kept
the same.

Fabrication Process of Nanocomposites

The dispersion of nanoparticles has a significant impact on
defining the microstructure and properties of coatings, as ag-
glomeration can lead to uneven particle distribution, reduced
surface area, and compromised performance. Various disper-
sion techniques are employed to achieve uniform nanoparticle
distribution within coatings. Among these methods, the use of
surfactant is relatively simple and cost-effective; however, sur-
factant residues may adversely affect the final properties of the
coatings. Surface functionalization of nanoparticles, by forming
strong covalent bonding with the coating matrix, improves par-
ticle-matrix interaction, though it requires additional chemical
processing, which can be time-consuming and costly. In con-
trast, ultrasonication offers a more efficient approach without
the need for chemical additives, thereby preserving the inher-
ent properties of the nanoparticles. Furthermore, it is highly ef-
fective at breaking down agglomerates, particularly in high-
concentration nanoparticle dispersions. Thus, this study em-
ployed mechanical dispersion techniques, including ultrasoni-
cation, high shear dispersion and stirring, without the use of ad-
ditional chemicals, such as solvents or surface modification
agents. This approach ensured that the performance of the fab-
ricated nanocomposites was solely dependent on the geomet-
ric morphology of the nanoparticles. The identical dispersion
and fabrication procedures were applied to all selected
nanoparticles (NDs, GNPs, and CNTs), as illustrated in Fig. 1. Ini-
tially, nanoparticles were introduced into the epoxy resin and
pre-dispersed through 1-min hand-stirring with a spatula in a
fume hood. Subsequently, a combination of high-shear disper-
sion and high-power ultrasonication methods was employed. A
30-min high-shear mixing at a controlled speed of 4000 r/min

High-speed

Particles

dispersion Ultrasonication  Stirring

broke down large particles in the mixture, followed by trans-
ferred to a probe ultrasonic system for further dispersion. The
ultrasonication involved a 15-s “on/off” cycle with 100% ampli-
tude over 30 min. Water baths were utilized during both disper-
sion techniques to prevent overheating, with water renewal ev-
ery 10 min. After the dispersion, the curing agent was added at a
1:1 molar ratio to the epoxy and mixed by mechanical stirring at
600 r/min for 10 min. Three different concentrations (0.5%, 1.0%,
and 2.0% by weight) were used for all nanoparticles, alongside
neat epoxy samples as the control group. All prepared samples
were stored at room temperature for a minimum of seven days
before subsequent experiments were conducted.

Physical Characterization

The JEM-2100 high-resolution analytical TEM device was uti-
lized to scrutinize the morphologies and microstructures of the
nanofillers. To ensure clear imaging, nanofillers were dispersed
into ethanol at an appropriate weight ratio prior to TEM obser-
vation. Dynamic light scattering (DLS) was performed by using a
submicron particle sizing instrument (Nicomp 380) to measure
the particle size distributions of each nanofiller. The Brookfield
DV-II viscometer was used to measure the rheological proper-
ties of the epoxy nanocomposites. The GE v|tome|x microfocus
X-ray computed tomography system was used to nondestruc-
tively detect and quantify the porosity and voids within
nanocomposite coatings. The water contact angle tests were
conducted by using the DSA100S Drop Shape Analyzer
equipped with a software-controlled dosing system and a tilt
stage. The JSM-7600F Schottky field-emission scanning electron
microscope (FE-SEM) was employed to examine fracture sur-
faces after mechanical tests.

Mechanical Properties

The wear resistance of nano-reinforced composite coatings was
measured using the Taber abrasive method specified in ASTM
D4060. The surface of each sample underwent abrasion by two
CS-10 wheels rotating at a speed of 72 r/min, with a load of 1000
g applied to each wheel during the test. The abrasion resistance
was determined by quantifying the mass loss before and after

Curing agent
Specimen

Fig.1 Schematic of the fabrication process of nanoparticle reinforced epoxy composites.
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abrasion. A more robust abrasion-resistant nanocomposite
coating is anticipated to exhibit a lower mass loss, indicating en-
hanced protective property against damage induced by abra-
sive motions. To evaluate the tensile properties of polymeric
nanocomposites reinforced with nanofillers, dog-bone coupon
tensile tests were conducted in accordance with ASTM D638
standards. The tests were carried out using Shimadzu's EZ-X
tester (Columbia, MD, USA) at a controlled loading rate of 1.0
mm/min until the sample broke at the narrow section, while
recording the real-time applied load and corresponding dis-
placement.

RVE MODELING

Material Properties

The FEA was performed through SIMULIA/ABAQUS 2023 to sim-
ulate the tensile properties of epoxy nanocomposites rein-
forced with different nanoparticles (OD ND, 1D CNT, and 2D
GNP) ranging from 0% to 2% weight concentrations. FEA with
RVE is effective for simulating material properties such as stress-
strain curves and failure patterns in composite materials. It al-
lows for the application of real-world loading conditions, such as
tensile or compressive forces, and translates microscopic results
into macroscopic homogeneous material properties. To predict
the mechanical properties of filler-reinforced polymer compos-
ites, FEA is widely used to analyze the failure of composites.#041!
The material properties of these three nanoparticles are ob-
tained from references and materials providers,*2~*3! which are
implemented in the simulation. The epoxy matrix properties
were experimentally measured in the dog-bone tensile test,
with the ultimate stress as 34.15 MPa, ultimate strain as 2.95%,
and Young's modulus as 1216.93 MPa. The following Table 2
shows the material information implemented for ND, MWNT,
and GNP.

Table 2 Physical and mechanical properties of nanodiamonds, multi-
walled carbon nanotubes and graphene nanoplatelets.

Young's modulus Ultimate stress Poisson’s
Nanofiber (GPa) (GPa) ratio
ND 880 95 0.2
MWNT 450 27 0.2
GNP 800 85 0.2

Multiscale Approach with RVE Modeling

The finite element models were constructed by preserving the
dog bone sample in tensile tests. RVE modeling approach was
utilized to precisely capture the microstructural behaviors and
faithfully reproduce the mechanical performance of the
nanocomposites in macro-scale mechanical tests. RVE models
are constructed as a standard microstructural unit cube cell, in-
corporating various types of fibers. The quadratic nodes and lin-
ear solid elements C3D20R are used. This study adopted a scale
bridging method called 'volume-averaged stress', which em-
phasizes the use of mean fields as an efficient means to con-
struct this link without sacrificing accuracy. It allows the volume-
averaged (mean) stress at the microscale to serve as a continu-
ously varying function of coordinates at the next larger length
scale.l*®) Mathematical Egs. (1) and (2) show the average stress
principle:

- o — |~
G =0uty 1_j/V (8, - 3)|x| av )
wp

= 1 ~

5, = V—“/VHUHdV @)
where 5“ represents the volume average stress at the mi-
croscale which is a continuously varying function of coordinates
;u+1 . The next larger length scale is u + 1. The RVE requires the

object to exhibit statistical homogeneity at the microscale. This
implies the microscale volume needs to have a statistically uni-
form distribution in terms of both their placement and orienta-
tion. Thus, implementing the initial boundary condition that
preserves linear momentum on the RVE is a crucial requirement
for the suggested multiscale approach to yield reasonably pre-
cise prediction at greater length scales:!®

V&, +pf=0Vx, €V, 3)

= 1
O,=—
. VH Vi
where G, represents the Cauchy stress tensor defined on the

length scale y, p is the mass density, and f represents the body
force vector per unit mass.

RVE Geometry

The effective response of the RVE model was calculated as the
field-averaged value, which was then considered as the equiva-
lent homogenized UD lamina at a global scale.*”! For simplicity
purposes in modeling, numerous micromechanical approaches
adopt the assumption of a periodic distribution of fillers, facili-
tating the isolation of an RVE or unit cell on a local scale. This
RVE is characterized by equivalent elastic constants and filler
volume fraction as observed in the composite material. Addi-
tionally, the unidirectional filler composite models were used in
this study, which can be a square or hexagonal localized filler ar-
ray packing representing the global behavior of fiber-reinforced
composite.®85% A periodical distribution RVE provides a
streamlined representation of the microstructure of fiber-rein-
forced composites, which significantly reduces the complexity
of simulations. The unidirectional or uniformly distributed RVE
models have been validated by experimental data in
references.[“051-561 Using this approach allows for easier com-
parison and validation with experimental studies, making it a
common choice in the field of composite materials. Based on
the given geometry of nanoparticles and weight concentra-
tions, the RVE model for ND, CNT, and GNP-reinforced epoxy
composites are generated accordingly. A representative ND
model showcasing the nanoparticle geometry is shown in Fig.
2(a), while another example of GNP model demonstrating the
nanoparticle arrangement and distribution is illustrated in Figs.
2(b)—-2(d).

Boundary Conditions of RVE Model

Boundary conditions are essential to define the constraints or
loading factors, which significantly affect the overall behaviors
of the RVE system. Displacement control mode was selected in
the simulation. Here, direction 1 corresponds to the x-direction,
aligning parallel to the fillers when they were oriented in the
same direction as the load. The microscopic stress o, at any
point in the RVE domain Q should also satisfy the following
Eq. (8):

3,dv @)
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Square array

Global scale

.
Hexagonal array

Fig.2 Visual illustration of RVE models: (a) square or hexagonal array packing from ND-reinforced nanocomposite; Aligned platelets of
GNPs: (b) model configurations; (c) distribution of GNP platelets; (d) transparent view.

Uy (U uy, 1) = uy (3 x, 1) = 215, (5)
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uy (uym, u,) = uy (X —m,u,) =0 (6)

—-l<x,<land —n<x,<n

uy (n, uy, u;) = uy (=n, uy, uy) = 0 (7)

-m<x,<mand —/<x,</

Vi 0u(X)=0;x€Q (8)

where Zle; is the displacements of the RVE model, 1, n, m are
the RVE sizes in each direction.

EXPERIMENTAL

Morphology and Dispersion Characteristics

TEM analysis

High-resolution TEM images provide crucial insights into the in-
dividual characteristics of nanoparticles revealing accurate size
measurements and detailed morphological features. The mi-
crostructures and morphologies of ND, CNT, and GNP were vi-
sualized at atomic and nanoscale levels through TEM analysis, as
depicted in Figs. 3(a)-3(c). NDs exhibited consistent spherical
shapes with diameters at the nanometer scale; CNTs displayed
varied diameters ranging from several to tens of nanometers,
with their lengths reaching micrometer levels; GNPs appeared
as extremely thin, stacked single-layer sheets with lateral di-
mensions in the micrometer range and thickness in nanometers.
These observations aligned with the category of carbon-based
nanoparticles, with NDs, CNTs, and GNPs as 0D, 1D, and 2D
nanomaterials. Notably, due to their various geometry shapes,

NDs, CNTs, and GNPs exhibited distinct agglomeration behav-
iors, impacting the physical and mechanical performance of the
nanocomposites. Specifically, NDs tended to form agglomer-
ates due to high surface energy and strong interparticle attrac-
tions. NDs also provided a small surface area for interaction;
however, their isotropic nature facilitated a more uniform distri-
bution within the matrix. In contrast, CNTs tended to bundle or
form ropes owing to their tubular structure and strong van der
Waals interactions, leading to more constrained regions within
the polymer network that might limit chain mobility and en-
hance stiffness. GNPs stacked together, predisposed by -
stacking interactions between graphene layers. Their large sur-
face area enabled extensive contact with the epoxy, promoting
stronger interfacial adhesion. Despite their particle size varia-
tions, agglomeration analysis remained crucial for understand-
ing the microstructural and dispersion characteristics of these
nanoparticles, compensating for size differences by maintain-
ing consistent weight additions.

Particle size distribution

Particle size distribution is a critical characteristic for assessing
the efficacy of dispersion techniques, including high-shear dis-
persion and ultrasonication, which could be measured by DLS.
Figs. 4(a)—4(b) show the particle size distributions of ND, GNP,
and CNT. In Fig. 4, it is noteworthy that all the nanoparticles dis-
play typical unimodal particle size distributions. To quantitative-
ly compare the agglomeration sizes among the different
nanoparticles, the particle size distribution parameters, includ-
ing mean (Dean), standard deviation (STD, o), and mode (M),
are presented in Table 3. It is evident that NDs exhibited the
smallest agglomeration size compared to GNPs and CNTs. This
significant discrepancy in agglomeration size was attributed to
their distinct geometric shapes, which profoundly affect their
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Fig.3 TEMimages of (a) ND, (b) GNP, and (c) CNT.

120

ND GNP CNT

100

60

40}

Intensity-weighted (%)

10° 10’ 102 10° 10* 10°
Size (nm)

Fig.4 Particle size distributions of three nanoparticles.

mutual interaction and agglomeration inclination. The spherical
NDs displayed a more uniform mass distribution, enhancing
mobility and reducing interparticle contact, mitigating larger
agglomerate formation. Conversely, due to lower molecular
mobility and greater intermolecular attractions, cylindrical CNTs
and planar GNPs were more inclined to aggregate and form
larger agglomerates.

Drmean = 2:.1:1(Pi . Di) 9)

0= \/Z:;(Di - Dmean)2 X P; (10)

Where n is the number of particle size classes, P; is the frequen-
cy of particle sizes in various classes i, and M is defined as the
particle size with the highest frequency.

Physical Properties

Viscosity

Rheological behavior, especially viscosity, enables to assess the
quality, properties, and performance of nano-reinforced epoxy
composites. Elevated viscosity of nanocomposites often indi-
cates non-uniform dispersion or severe agglomeration, nega-
tively impacting the properties of nanocomposites. Fig. 5 shows

Table 3  Particle size distribution parameters of three nanoparticles
pre- and post-dispersion.

Nanoparticle Diyean (nmM) o (nm) M (nm)
ND 5.59%x102 1.08x103 9.00x10"
GNP 3.52x10% 1.08x10° 2.25%103
CNT 9.74x10% 2.41x10% 1.24x10°

the viscosity comparison between nano-reinforced epoxy com-
posites at three different weight concentrations (0.5 wt%, 1.0
wt% and 2.0 wt%), with the viscosity of pure epoxy serves as a
reference. Adding nanoparticles evidently modified the viscosi-
ty of the epoxy composites, and both the geometric shapes and
concentrations of the nanoparticles had a considerable impact
on the viscosity increments. The most significant viscosity incre-
ments were observed in CNT-reinforced epoxy nanocomposites,
due to substantial agglomeration of CNTs resulting from their
cylindrical geometry and strong mutual attraction. Moreover,
GNP-reinforced epoxy nanocomposites displayed an approxi-
mately linear relationship between viscosity increments and
GNP concentration, reaching a peak at 2.0% with a 45% incre-
ment compared to pure epoxy. On the other hand, the addition
of NDs slightly reduced the viscosity of the nanocomposites.
The reduction was attributed to the lubrication effect of spheri-
cal ND nanoparticles, which minimized the friction between the
polymer chains of epoxy.F”!

Micro-CT

In this study, micro-CT was employed to examine the size, quan-
tity, and distribution of voids and defects within the nanocom-
posites. As depicted in Fig. 6(a), the reconstructed 3D image and
vertical view obtained via micro-CT provide a comprehensive vi-
sualization of the epoxy composite’s internal structure, illustrat-
ing the extensive presence of randomly distributed voids within
the pure epoxy matrix. Figs. 6(b)—6(j) present vertical views of
the CNT-, GNP-, and ND-reinforced epoxy nanocomposites.
Compared to pure epoxy, a notable reduction in both quantity
and size of voids was observed for all the nanocomposites, indi-
cating lower porosity and improved structural integrity. This was
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Fig. 5  Viscosity comparison between nano-reinforced epoxy
composites and pure epoxy.
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because nanoparticles could act as effective fillers, bridging and
filling gaps within the epoxy composite. Specifically, for CNT-
reinforced nanocomposites, a larger percentage of voids was
observed at high concentrations, which was attributed to the
tubular shape of CNTs. CNTs may exhibit a greater tendency to
agglomerate at elevated concentrations, forming clusters or
bundles within the epoxy matrix. These clusters increased the
density of some certain localized regions, resulting in voids and
porosity in adjacent areas where the epoxy may not fully pene-
trate or surround the CNT clusters.”® Compared to CNTs, GNPs
demonstrated remarkable effectiveness in reducing voids, espe-
cially at higher concentrations. This can be attributed to the
large surface area and excellent dispersibility of GNPs within the
epoxy matrix, facilitating the formation of a more uniform and
densely packed network structure.”? Spherical NDs consistent-
ly contributed to the reduction of void size and percentage
across all the concentrations, owing to their compact shape and
small size. The spherical geometry of NDs enabled them to effi-
ciently fill interstitial spaces between epoxy molecules, minimiz-
ing void formation and enhancing structural integrity.°” Fur-

e

thermore, the geometry of nanoparticles influences their inter-
action with the epoxy matrix, impacting the distribution of free
volume within the composite. Specifically, cylindrical CNTs and
planar GNPs created more constrained regions within the ma-
trix, leading to a reduction in free volume, while spherical NDs
promoted a more uniform free volume distribution and a more
uniform particle size distribution after dispersion.

Water Contact Angle of Developed Nanocomposites

The contact angle test was used to determine the wetting be-
havior of the nanocomposite surface in accordance with ASTM
D7334. A camera was used to capture the image, while the an-
gle 0 between the water droplet and the coated substrate was
calculated by a computer from the image, as shown in Fig. 7(a).
Water contact angle measurements of epoxy nanocomposite
coatings reinforced with NDs, GNPs, and CNTs are presented in
Fig. 7(b). Surprisingly, the addition of these nanoparticles, irre-
spective of their concentration, did not make substantial
changes in the water contact angle. Specifically, while pure
epoxy coating exhibited a water contact angle of around 55°,

0.5% of CNT

0.5% of GNP

0.5% of ND

1.0% of CNT

1.0% of GNP

1.0% of ND

2.0% of CNT

2.0% of GNP

2.0% of ND

Fig. 6 Vertical view micro-CT images of nanocomposites reinforced with different nanoparticles at various weight concentrations:
(a) 3D scanned image of pure epoxy; (b) 0.5% of CNT; (c) 1% of CNT; (d) 2% of CNT; (e) 0.5% of GNP; (f) 1% of GNP; (g) 2% of GNP; (h) 0.5%

of ND; (i) 1% of ND; (j) 2% of ND.
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nanocomposite coating displayed slightly higher values around
60°. Thus, it can be inferred from the results that the incorpora-
tion of nanoparticles fails to significantly alter neither the sur-
face tension of the materials themselves nor the texture of the
surface. Thus, this experimental observation can be attributed to
the effective dispersion of nanoparticles within the epoxy ma-
trix, excursing that all nanoparticles were covered by epoxy,
thereby maintaining the overall surface properties of the epoxy
material.

Abrasion Resistance of Developed Nanocomposites
The wear resistance of nanocomposites, influenced by different
weight concentrations of ND, GNP, and CNT, was assessed
through the Taber abrasion test, as depicted in Fig. 8. Among
the nanocomposites reinforced by the three different nanopar-
ticles, NDs exhibited superior wear resistance compared to GNP
and CNT at all concentrations. This exceptional performance can
be attributed to the inherent characteristics of NDs, such as ex-
ceptional hardness, chemical inertness, and high surface area,
which enhanced the hardness and damage tolerance of the
composite. Similarly, CNT-reinforced epoxy nanocomposites
exhibited improved wear resistance as the increase of CNT con-
centrations, although the improvements were less significant
than ND-reinforced epoxy nanocomposites. In contrast, al-
though 1% and 2% GNP-reinforced epoxy nanocomposites still
achieved 18% and 53% higher wear resistance, respectively,
0.5% GNP addition increased the mass loss and deteriorated the
wear resistance. The variations of wear resistance could be inter-
preted by agglomeration at higher, nanoparticle-polymer inter-
actions, nanocomposite defects, and nanoparticle load transfer-
ability.[? Specifically, as indicated by the particle size distribu-
tion measured by DLS in Fig. 4, the significant agglomeration of
CNTs resulted in the formation of weak spots within the coating
matrix, thereby reducing the effectiveness of the nanoparticles
in reinforcement and leading to the lowest observed abrasion
resistance.

The SEM images on the abraded surfaces further elucidat-
ed the wear resistance differences between pure epoxy and
epoxy nanocomposites, as presented in Fig. 9. Pure epoxy
showed noticeable material loss and worn surface textures,
suggesting its vulnerability to plastic deformation and low
wear resistance. Conversely, nano-reinforced composite sur-

Contact angle (°)

Xu, L.Y.etal./Chinese J. Polym. Sci. 2025, 43, 211-224

- ND -GNP

== ==Pure epoxy

0.5 1.0 2.0
Content of nanofiller (wt%)

(a) Image captured and (b) test results of water contact angle test.

160
--E--ND --%--GNP --h=--CNT
140
1200 .
— - - - M
S 100k Cve A el
£ 100 \“ . “e.
©v u hd *
2 sof N .
= . - -
a ~ Bm "'-.‘
(1] - » Y
2 60 . Soeg
h]
40+ Wommwmwmn=me===0
20+
0 L L L L
0 0.5 1.0 1.5 2.0

Content of nanofiller (wt%)

Fig. 8 Abrasion resistance in terms of mass loss for three nano-
reinforced epoxy composites.

faces displayed smoother finishes with fewer and smaller
cracks, indicating better wear resistance and improved load
transferability of wear forces due to strong nanoparticle-
epoxy interactions. Generally speaking, the preservation of
the original abrasion surface appearance is the direct feature
for enhanced wear performance. The spherical shape and
smoother surface of NDs reduced the frictional forces, result-
ing in ND-reinforced epoxy nanocomposites with exception-
al surface integrity and superior wear resistance.[63!

Tensile Properties of Developed Nanocomposites

The tensile properties of nanocomposites play a pivotal role in
assessing nanoparticle reinforcement and composite perfor-
mance. Fig. 10 compares the impact of differently shaped
nanoparticles (ND, GNP, and CNT) and their weight concentra-
tions on the tensile strength and failure strain of nano-rein-
forced epoxy composites. All the nanocomposites exhibited im-
proved tensile properties over pure epoxy because the high sur-
face area of these nanoparticles helped form robust bonds with-
in the surrounding epoxy, enhancing both strength and tough-
ness of the composites. For ND-reinforced epoxy nanocompos-
ites, the peak tensile properties were achieved at 1.0% addition,
with 52% and 100% improvements in tensile strength and fail-
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Fig.9 Abraded surfaces of 1.0 wt% nano-reinforced epoxy nanocomposites: (a) pure epoxy; (b) ND; (c) GNP; (d) CNT.
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Fig. 10 Tensile properties of nano-reinforced epoxy composites: (a) tensile stress; (b) failure strain.

ure strain, respectively. The spherical shape of NDs and lower
concentration contributed to better dispersion, fostering im-
proved interaction with the epoxy matrix. Moreover, increasing
the weight concentration of NDs typically resulted in a greater
number of interface regions between the matrix and the
nanoparticles, which reduced free volume by filling voids and
constraining polymer chain mobility. This reduction in free vol-
ume contributed to enhanced tensile properties. However, the
tensile properties of the composites exhibited a decline when
further adding ND to 2.0% due to increased agglomeration,
which potentially created stress concentration or defects, and
diminished overall strength and ductility. A similar changing
trend was observed for GNP-reinforced epoxy nanocomposites.
In contrast, the incorporation of CNTs in epoxy nanocomposites
exhibited a significant increase in tensile strength and failure
strain up to 0.5% CNT concentration, followed by a decline at

higher loadings (1.0% and 2.0%). It is noteworthy that the nega-
tive effect of CNT agglomeration was observed at lower con-
centrations compared to NDs and GNPs. Yet, higher weight con-
centrations led to significantly more severe agglomeration, in-
troducing more defects and negatively affecting tensile proper-
ties.

The fracture surfaces of pure epoxy and nanocomposite
samples were also characterized by the SEM images, reveal-
ing distinct features as illustrated in Fig. 11. Pure epoxy exhib-
ited large fracture textures with a relatively smooth and uni-
form appearance, indicating a dominant failure mode of brit-
tle failure. Conversely, nano-reinforced composite displayed
rougher surfaces with compacted cracking cleavages. The
rougher surface and compacter cleavages were observed as
the indication of improved nanoparticle-epoxy matrix interac-
tions, which facilitated more effective load transfer and ener-
gy dissipation during the tensile testing.
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Fig. 11 Fracture surfaces of 1.0 wt% nano-reinforced epoxy nanocomposites: (a) pure epoxy; (b) ND; (c) GNP; (d) CNT.

RVE SIMULATION RESULTS

Fig. 12 presents a visualization from the RVE simulations results
under tensile load for 0D nanodiamond composites, showing
the distribution of plastic strain throughout the composites and
highlighting the areas of maximum principal stress within the
nanoparticles. Due to the ND geometry shape, the nanoparti-
cles in the corner and center had little impact or contribution for
load transmission, as indicated by a very small plastic deforma-
tion.

The stress-strain results obtained from the RVEs are pre-
sented in Fig. 13, which summarizes the ultimate stress across
various weight fractions. Nanocomposite with 0% weight
fraction of nanoparticles, considered as pure epoxy, serves as
a reference. In Fig. 13(a) for ND-reinforced composites, the
variation of weight concentration from 0.5% to 2.0% did not
substantially affect the plastic region but had a minimal im-
pact on the material's ultimate strength, indicating that ND
spherical geometry had almost no contribution to plastic
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stress on current RVE models. A similar trend was observed in
CNT-reinforced composite at the 90° orientation, shown in
Fig. 13(b). By varying different weight concentrations, the ten-
sile strength remained nearly unchanged in the 0° loading di-
rection, demonstrating the non-isostrain condition in both re-
inforcements and surrounding matrix materials. In Fig. 13(c)
for GNP-reinforced composites, a generally constant stress
was observed with different weight concentrations under axi-
al loading. While the radial simulation suggested that increas-
ing the weight concentration enhanced the ultimate stress.
Fig. 14 displays the ultimate strength outcomes of
nanocomposites reinforced with different nanoparticles at
different weight concentrations. Regarding NDs in Fig. 14(a),
when the weight concentration increased from 0% to 2%, the
tensile strength only increased around 5%, which was at-
tributed to non-isostrain condition as discussed in the previ-
ous section. Regarding CNTs in Fig. 14(b), a similar trend was
observed for CNTs with 90° orientation, while 0° oriented
CNTs achieved the highest tensile strength than all other
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Fig. 12 Simulation visualization results with 2.0% weight fraction of ND diamond addictive: (a) external view, (b) internal view.
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Fig. 14 The ultimate strength of nanocomposite reinforced with different nanoparticles at varied weight concentrations: (a) ND, (b) CNT,

(c) GNP.

nanocomposite, suggesting that the mechanical properties of
nanocomposites were significantly affected by the nanofillers
orientation. However, the orientation effect did not produce a
highly sensitive influence in GNP-reinforced nanocomposites,
as shown in Fig. 14(c). As the weight concentration of GNPs
increased from 0.5% to 2%, the ultimate stress under radial
loading direction also improved considerably. The increasing
tendency of GNPs was attributed to the alignment of
nanoplatelets with the loading direction, facilitating optimal
load transfer through the shear lag mechanism. The results
were consistent with another reference where an increase in
weight volume fraction of aligned graphene oxide resulted in
a gradual rise in ultimate stress of composite material. The
findings above not only clearly indicate the remarkable influ-
ence of nanoparticle weight concentration on the mechani-
cal performance of nanocomposites, but also highlighted the
critical role of nanoparticle geometric shape and morphology
in determining the effectiveness of load transmission and
stress transfer. Essentially, the geometrical configuration of
nanoparticles can alter the mechanical pathways and the
overall mechanical performance of the nanocomposite, em-
phasizing the importance of considering nanoparticle geo-
metric shape in the design and application of advanced com-
posite materials.

UNDERSTANDING THE DISCREPANCIES
BETWEEN NUMERICAL AND EXPERIMENTAL
RESULTS

The numerical results were validated against the experimental
results. ND, as the OD nanoparticle, eliminates the influence of

nanoparticle orientation. By comparing the mechanical proper-
ties of ND-reinforced composites experimentally and numeri-
cally, it was found that tensile strengths measured in dog-bone
tests were non-negligible higher than numerically predicted
tensile strengths. The improvements in simulation output were
mainly attributed to changes in microstructure within the ND-
reinforced nanocomposite. Micro-CT images confirmed the
presence of voids in the epoxy matrix, which were significantly
reduced by the addition of ND, leading to substantial strength
enhancement.

For CNT-reinforced nanocomposites, experimental
strengths were slightly lower than those predicted by simula-
tions with 90° orientation, but tremendously lower than simu-
lation strengths with 0° orientation. The reasons behind the
discrepancies lie in the importance of nanoparticle orienta-
tion. When all the cylindrical CNTs are aligned along the load-
ing direction, the entire length of an individual CNTs can con-
tribute to the load-bearing capacity, and the tensile load is
evenly distributed along the length of the CNTs. In this case,
the extraordinary mechanical properties of CNTs are fully uti-
lized, maximizing their effectiveness in reinforcing the
nanocomposites. On the contrast, the reinforcing efficiency of
90° oriented CNTs are rather limited. The differences in radial-
ly and axially distributed GNP-reinforced nanocomposites can
be interpreted by the effect of nanoparticle orientation.

In addition to nanoparticle orientation, nanoparticle ag-
glomeration can also contribute to the lower experimental
strengths compared to simulation outputs in CNT- and GNP-
reinforced nanocomposites. The results of nanoparticle dis-
persion characteristics revealed the severe agglomeration of
CNTs and GNPs in the epoxy matrix, especially at relatively
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Fig. 15 SEM images at high magnifications: (a) agglomeration of CNTs at 2%j; (b) agglomeration of GNPs at 2%.

higher weight concentrations as shown in Fig. 15. Fig. 15 dis-
plays the SEM images at high magnifications revealing the
agglomeration of nanoparticles in the epoxy coating. It can
be observed in Fig. 15(a) that all the visible CNTs stayed tight-
ly and closely with each other in the form of a huge CNT clus-
ters. No individual CNT can be detected beyond this cluster. A
similar agglomeration phenomenon is found in the Fig. 15(b)
for GNPs. Severe agglomerated nanoparticles acted as de-
fects and imperfects inducing stress concentration and reduc-
ing the interfacial bonding between nanofillers and polymer
materials, which eventually diminished the mechanical per-
formance of nanocomposites. However, agglomeration was
not considered in the RVE modeling. All the nanoparticles
were separately distributed in the matrix materials, resulting
in better mechanical properties than experimental values.

It should be noted that although the RVE modeling and
simulation were performed under idealized conditions with-
out considering nanoparticle orientation and agglomeration,
the largest differences between experimental and numerical
tensile strengths were less than 18%, except 0° oriented CNTs
which are difficult to achieve in the experiments. The reason-
able consistency between numerical and experimental re-
sults proved the validation of the FEA results. The RVE model-
ing successfully reproduced the mechanical behaviors of the
nanocomposites. Regarding the discrepancies between nu-
merical and experimental results, identifying the influencing
factors such as nanoparticle orientation and agglomeration,
may provide valuable insights into understanding the poten-
tial performance of nanocomposites, paving the way for more
accurate simulations and design framework for functional
nanomaterials.

CONCLUSIONS

This study systematically investigated the influence of different
nanoparticles, including 0D NDs, 2D GNPs, and 1D CNTs, on the
performance of epoxy nanocomposites. The effects of weight
concentrations (0.5%, 1.0%, and 2.0%) of these nanoparticles
were also assessed, providing valuable insights into the correla-
tion between nanoparticle shape, concentration, and resulting
properties in the nanocomposites. Experimental results showed
that NDs with spherical geometry shape achieved the most ho-
mogenous dispersion and smallest agglomeration, which fur-
ther led to lower porosity and viscosity, compared to GNPs and
CNTs. While the addition of nanoparticles failed to produce ob-

vious variations in water contact angles regardless of their geo-
metric shapes and concentrations. Regarding mechanical prop-
erties, the spherical shape and smooth surfaces of NDs also facil-
itated enhanced nanofiller-epoxy interactions, efficient load
transfer and energy dissipation, resulting in the superior wear
resistance and tensile strength of ND-reinforced epoxy
nanocomposites. The experimental results were further validat-
ed by FEA using RVE modeling approach. The RVE model faith-
fully predicted the tensile properties of nanoparticles to a rea-
sonable approximation. The discrepancies between experimen-
tal and numerical results highlighted the effects of influencing
factors, such as porosity, nanoparticle agglomeration and orien-
tation, on the mechanical performance of nanocomposites in
practical applications.

In future work, a more comprehensive investigation will be
undertaken to explore a broader range of nanoparticles, in-
cluding graphene oxide, boron nitride nanotubes, silicon car-
bide nanoparticles, or others, to evaluate their comparative
effects on the mechanical, thermal, and chemical resistance
properties of epoxy coatings. In addition, the long-term dura-
bility of epoxy coatings under various environmental condi-
tions, such as UV exposure, humidity, and temperature varia-
tions, will be examined to provide a more comprehensive
evaluation of coating performance over time.
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