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overcome these limitations, epoxy resin has been modified with nano-fillers such as
graphene nanoplatelets (GNP) and the novel nanostrength® (NS). The epoxy resin was
infused in 3DOWC using VARI with different weight percentages of GNP (0.5, 1.0, and
1.5wt.%) and NS (2.5, 5.0, and 7.5 wt.%). Three samples in each warp and weft direction
of 3DOWC were tested in a three-point bend test. The results showed an increase of
48.4%, 56.2%, and 27.4% in flexural strength, final failure, and energy absorption under
warp-loading with 0.5 wt.% GNP, respectively, whereas weft-loaded samples with 1.5
wt.% GNP exhibited 12.0% and 10.5% increases in flexural strength and final failure,
respectively. However, 7.5 wt.% NS showed an increase in flexural strength in the warp
and weft directions by 36.9% and 39.3%, respectively, and an increase in final failure
and energy absorption in the warp direction by 39.4% and 12.3%, respectively. For weft-
loaded samples, the final failure increased by 39.3% for the same weight percentage,
but there was no significant increase in energy absorption in this direction. Scanning

Keywords: electron microscopy (SEM) of damaged samples revealed that crack reconnection by
3DOWC; nanoparticles; nanostrength GNP and fibrils formation and plasticization by NS particles improved the overall flexural
M53®; GNP; damage mechanism performance of 3DOWC.

1. Introduction

In recent decades, 3D fibre-reinforced composites (3D-FRCs) standout for their excellent
mechanical and physicochemical properties, which offer them a wide range of structural applications
across the industries high strength-to-weight ratios with tailored properties are required. The epoxy-
reinforced resin systems are widely used to produce 3D-FRCs due to the compatibility with
conventional manufacturing processes [1-6]. One of the disadvantages of epoxy-based 3D-FRCs is the
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fragile appearance of their amorphous matrix under mechanical stress, which is mainly due to its
inherent brittleness. This brittleness would lead to the initiation of damage mechanisms such as
matrix cracking, fibre-matrix debonding, delamination, and fibre breakage [7,8]. To overcome these
early damage mechanisms, matrix modification by adding inorganic modifiers (Al,Os3, SiO2, BN,
kaolinite, smectite), organic modifiers (GNPs, carbon nanotubes (CNTs)), elastomeric modifiers (core-
shell rubber (CSR)), and phase separating modifiers (block copolymers (BCP)), with the aim of
improving their toughness had been identified as a cost-effective technique [9-13].

Vaganov et al., [14] found that by incorporating 1.0 wt.% CNTs into carbon fibre (CF) -reinforced
epoxy resin composites, their flexural strength increased by 13.3%, with improved fibre bridging and
fibre pull-out mechanisms, providing additional energy for crack initiation and propagation compared
to neat epoxy matrix composite. Yildirim et al., [15] found that the addition of CNTs to 3D glass fibre
(GF)-reinforced epoxy composites increased their flexural strength in the warp and wept directions
by 25% and 44%, respectively. The authors also showed that the uniform distribution of CNTs
provided good interfacial bonding between fibre and matrix, leading to an improvement in damage
mechanisms. Panchagnula and Kuppan [9] studied that the flexural strength of GF/epoxy resin
composites with 0.3 wt.% addition of multiwall carbon nanotubes (MWCNT) increased by 39.41%
compared to the pristine samples with improved damage mechanisms. Xu and Hoa [16] found a 38%
improvement in flexural strength by incorporating only 2 wt.% of nanoclay into CF-reinforced epoxy
resin composites.

Kumar et al., [11] summarized that GF-reinforced epoxy composites with 2 wt.% nanoclay
exhibited a significant increase in flexural strength and modulus by 38% and 110.4%, respectively,
and showed improved surface morphologies. The damage mechanisms such as agglomeration, shear
failure and crack propagation within the GNP layers [17,18], prompt the researcher to modify epoxy
resin with phase-separating modifiers such as BCP [19]. The Nanostrength® M53, a tri-block
copolymer (M-A-M) developed by Arkema company, which consists of a centered polybutylacrylate
(PBUA) block surrounded by two blocks of polymethylmethacrylate (PMMA), can be miscible with
polymer resins and offers good improvement to crack initiation and propagation under flexural load.
Kouassi et al, [20] showed that 10 wt.% NS (M53)-modified bi-directional glass fibre with
thermoplastic resin (Elium) exhibited improved damage mechanisms such as fibre-matrix debonding,
fibre pull-out and fibre failure. Wang et al., [21] added 3.5 to 6.7 wt.% of Di-BCP to the epoxy resin
to increase the flexural strength and found a significant improvement in fracture toughness. Bashar
et al., [22] revealed that epoxy resin modified with 5 wt.% Nanostrength (NS) acrylic tri-BCP (M52,
M52N) had improved damage mechanisms.

Several studies have highlighted that uniform dispersion, agglomeration, surface treatments,
incompatibility between blocks due to the random sequence of monomers and plasticity of nano-
fillers can influence the final mechanical properties of 3D-FRC [23-25]. Following these directions,
this study focused on improving the flexural performance and damage mechanisms of epoxy-based
3DOWC using nanofillers i.e., GNP and NS. Modified epoxy resins with different concentrations of
nano-fillers were prepared and used as a matrix to fabricate 3D-FRCs using vacuum-assisted resin
infusion (VARI) method. First, 3DOWC was fabricated with pristine epoxy matrix and toughened
epoxy matrix reinforced with different concentrations of GNP (0.5, 1.0, and 1.5 wt.%) and NS (2.5,
5.0, and 7.5 wt.%). Second, flexural tests were carried out along the warp and weft directions to
evaluate the effect of nanoparticles on the flexural performance of 3D-FRCs. Finally, scanning
electron microscopy (SEM) was performed on pristine, single nano-filled 3DOWC damaged samples
to investigate the improvement in damage mechanisms by the addition of nanoparticles. This work
aims to make an important contribution to understanding the flexural performance and failure

16



Journal of Advanced Research in Micro and Nano Engineering
Volume 26, Issue 1 (2024) 15-29

mechanisms of nano-filled 3D-FRCs. This information can be helpful for the engineering and
structural applications of these composites.

2. Methodology
2.1 Material Used

A 3D orthogonal E-glass woven fabric (3D-9871) purchased from Textech® Industries, USA was
used in this study, as shown in Figure 1(a). This fabric consists of three warp layers and four weft
layers held together by a through-thickness reinforcement, that moves along the warp direction, as
shown in the schematic diagram in Figure 1(b). The overall thickness of a single-layer dry fabric is
approximately 4.3 mm with an aerial density of 5200 GSM. Thermoset epoxy resin system Epolam®
2040 and the hardener Epolam® 2042 supplied by from Axson, China was used in ratio 100:30 by
weight to fabricate 3DOWC panels. To improve the toughness of the epoxy resin, commercial grade
ABA type acrylic Tri-BCP (Nanostrength®) M53 with a size of approximately 10-100 nm (nano-filler)
from Arkema, France, and GNP with a size of approximately 2-8um (micro-filler) provided by Sigma-
Aldrich (M) Sdn. Bhd., Malaysia, added.

Weft yarn

Fig. 1. 3D fibre-reinforced composite (a) 3D E-glass orthogonal woven fabric (3D-
9871) used for the fabrication of composites samples (b) Schematic diagram of 3D
orthogonal fabric (blue, red, and yellow colors represent warp, weft, and z-yarn,
respectively)

In this study, the weight percentages of GNP (0.5, 1.0, and 1.5 wt.%) and NS (2.5, 5.0 and 7.5
wt.%) were used as nano-fillers to improve the flexural performance and damage mechanisms of
3DOWC. The mechanical and physical properties of Epolam® resin 2040, Epolam® hardener 2042,
and GNP, NS (M53) are summarized in Table 1.

Table 1

Summary of mechanical and physical properties of the material

Material Properties Values

Fabric [26-30] Fabric 3D orthogonal E-glass woven fabric
Orientation [0°/90°]
Thickness ~4.3mm
Weight 5200 GSM

Epolam® resin 2040 [31] Aspect Liquid
Colour Light amber
Density at 25 °C (g/cc) 1.16
Viscosity at 25 °C (mPa.s) 1300
Elongation at failure (%) 8.7
Flexural modulus (MPa) 2900
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Flexural strength (MPa) 125
Tensile strength (MPa) 75
Tensile modulus (GPa) 3.1
Epolam” hardener 2042 [31] Aspect Liquid
Colour Light amber
Density at 25 °C (g/cc) 0.95
Elongation at break (%) 8.7
Viscosity at 25 °C (mPa.s) 15
Graphene nanoplatelets (GNP) [32] Aspect Powder
Colour Dark grey to black
Bulk density 0.03-0.1 g/cm?
Particle size 2-8 um
Surface area 50-80m?/g
Acid content <0.5%
Nanostrength® M53 [33] Aspect Solid
Colour Light yellow
Particle size 10-100 nm

2.2 Fabrication Process

The VARI method was used to fabricate the pristine, NS-based, and GNP-based 3DOWC, as shown
in Figure 1(c). Six types of single nano-filled 3DOWC panels were prepared with a size of 280 mmx250
mm with three different concentration levels of each NS (2.5 wt.%, 5.0 wt.% and 7.5 wt.%) and GNP
(0.5 wt.%, 1.0 wt.% and 1.5 wt.%). Before infusion, the 3D fabric was dried in an oven at 125 °C for
two hours and the resin was prepared for NS-based and GNP-based epoxy system, respectively, as
per the procedure explained in Figures 2(a) and 2(b). In the case of pristine epoxy based 3DOWC;
epoxy resin and hardener in weight ratio (100:30) were carefully mixed for ten minutes to obtain a
homogeneous mixture. The mixture was degassed for ten minutes to avoid deterioration of the final
mechanical properties due to an increase in void content. Then the resin was infused, which takes
almost 6-7 minutes to complete the infusion process.

In the case of NS-based 3DOWC, Figure 2(a) provides an overview of the resin preparation
procedure for infusion. Firstly, resin (70%) and wt.% NS (2.5, 5.0, and 7.5 wt.%) were mechanically
stirred at 100-120 rpm and 300 °C for 1 hour to achieve complete dissolution of the NS particles. The
hardener (30%) was then mixed and mechanically stirred for 20 minutes to obtain a uniform and
homogeneous mixture. Lastly, the mixture was degassed for ten minutes to remove the air bubbles
and infused to prepare NS/epoxy-based 3DOWC.

Furthermore, Figure 2(b) explains the resin preparation process for the fabrication of GNP-based
3DOWOC panels. First, GNP was mechanically mixed with solvent (absolute ethanol 99.9%; BDH 20821 -
321) followed by exfoliation in a closed glass beaker using an ultrasonic bath (model: 040S, 240 W
power and 40 kHz frequency) at 30-80 °C for 1 hour to achieve an even distribution of the GNP. After
sonication, the GNP/ethanol solution was heated to 100-120 °C on the hot plate in an open beaker
to completely evaporate the ethanol and leave the dried GNP powder. Next; the hardener (30%) and
GNP (0.5, 1.0, and 1.5 wt.%) were manually mixed for 20 minutes to obtain a homogeneous solution.
Finally, the obtained mixture was mixed with resin (70%) for 20 minutes followed by the degassing
of resin before infusion.

During the infusion process, mesh and peel ply were used on both sides of the 3D fabric to achieve
uniform distribution of the nano-fillers. The VARI process was performed at 600 mbar to avoid boiling
of the resin, and the infusion process was completed in 7 and 15 minutes for GNP-based and NS-
based epoxy system, respectively, as shown in Figure 2(c). More details on the fabrication process
can be found in previous work [34-37]. After completing the polymerization process at room
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temperature, the panels were post-cured in an oven at 80 °C for eight hours to achieve their
maximum mechanical properties.
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Fig. 2. Flowchart for resin preparation and fabrication process of composite panels (a) NS-based epoxy system
(b) GNP-based epoxy system (c) Vacuum infusion process along with vacuum infusion time for NS- and GNP-
based epoxy system (numbers marked represent resin infusion time in minutes)

2.3 Physical Parameters of the Cured Panels and Samples

After the panels were fully cured, the samples were cut from each panel using a water-based
diamond cutter, which gives an excellent surface finish. The physical parameters such as density,
fibre volume fraction (FVF), void content (VC) and thickness (t) of the average of five samples for each
configuration were measured [38,39]. The density of the samples was measured according to ASTM
D792-08 [40], and FVF and VC were measured using ASTM D3171-15 [41]. The average values of
density, FVF, VC and thickness with their standard deviations are summarized in Table 2. For all
samples, the FVF was found to be less than 55% and the VC less than 5%, as shown in Figures 3(a)
and 3(b), respectively.

Table 2
Physical parameters for 3DOWC with pure epoxy and single filler (average of five samples). p: density, V:
fibre volume fraction, 1;,,: matrix volume fraction, VC: void content, t: thickness

Nomenclature Material p (g/cc) Ve (%) VC (%) t (mm)

Pristine 3DOWC Pure epoxy 1.88£0.02 540+1.1 1.8+1.0 3.89+£0.07
S1 0.5 wt. % GNP 1.86+0.01 53.1+0.89 23+04 3.87£0.06
S2 1.0 wt. % GNP 1.87+£0.01 549+0.5 3.9+0.2 3.88£0.08
S3 1.5 wt. % GNP 1.88£0.02 549+1.14 24+0.6 3.89+£0.09
S4 2.5wt. % NS 1.89+£0.01 54.7£1.17 1404 3.95+£0.08
S5 5.0 wt. % NS 1.85+0.02 51.9+1.06 2.2+0.8 3.93+£0.05
S6 7.5 wt. % NS 1.86 £ 0.03 52.6+1.46 1.9+0.6 4.08 £ 0.08
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Fig. 3. Comparison of physical parameters for 3DOWC (a) Fibre volume fraction (FVF) (b) Void content (VC)

2.4 Flexural Testing

The flexural test was conducted according to ASTM D7264 (procedure A, three-point bending)
[42], using a GoTech Universal Testing Machine (UTM) equipped with a 5 kN load cell [43]. The
flexural tests were carried out in each warp and weft direction on a three-point bending fixture with
a fixed span of 64 mm. A total of 42 rectangular samples were prepared (each sample has a dimension
80 mm x 25 mm x 4 mm), i.e., 6 samples for pristine 3DOWC, 18 for GNP-based 3DOWC, and 18 for
NS-based 3DOWC. Three samples were tested in each warp and weft direction at a constant loading
rate of 1 mm/min. If the standard deviation between three samples tested was greater than 10%,
additional samples were tested for that configuration to reduce the standard deviation to 10% or
less. The flexural strength, modulus, and deflection properties were measured during the flexural
test. The flexural strength (O'f), flexural modulus (Ef) and flexural strain (ef) can be calculated by
using the Egs. (1), (2) and (3) respectively.

3FL
O-f - 2bd2 (1)
L3 AP
f ™ 4bd3 As (2)
60d
& =7 (3)

where"L","b" ,"d" ,"€" and "F" represent the span, width, thickness, and applied load, respectively,
while “AP” and “A&” represent load increments and deflection increments.

2.5 Failure Mechanisms

To better understand the damage mechanisms in 3DOWC, scanning electron microscopy (SEM)
was performed on cross-sections obtained from damaged samples for each pristine, GNP-based, and
NS-based 3DOWC. The SEM machine ZEISS-SUPRA 40 VP was used for the analysis. A water-based
diamond disc precision cutter was used to cut the damaged samples from the mid plane. To obtain
high-resolution images, the samples were first polished using a Phoenix 4000 polisher/grinder and
then coated with 40 nm gold to improve conductivity. The voltage and maximum magnification used
during SEM analysis are 10 keV and 5000x, respectively. A total of six cross sections were examined
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using SEM, i.e., two cross sections for each warp and weft direction of pristine 3DOWC, two for GNP-
based and two for NS-based 3DOWC.

3. Results

In this section, the flexural performance of GNP-based (0.5 to 1.5 wt.%) and NS-based (2.5 to 7.5
wt.%) 3DOWC is discussed in terms of flexural strength, flexural modulus, final failure (at 50% load
drop) and energy absorption in the warp and weft directions.

3.1 Comparison of Stress-Strain Curves for Nano-Filled 3DOWC

The flexural stress-strain curves of GNP-based 3DOWC and NS-based 3DOWC are shown in
Figures 4(a) to 4(c) and Figures 4(d) to 4(f), respectively. The stress-strain curves provide
comprehensive information about the damage process of 3DOWC under flexural load. Each stress-
strain curve in Figure 3 represents the warp (0°) and the weft (90°) directions, demonstrating that
the flexural properties were sensitive in both directions. All stress-strain curves initially show a linear
response, followed by a non-linear behaviour after 1% to 1.5% of the flexural strain. The samples in
warp direction have a higher flexural stiffness and load bearing capacity than the samples in the weft
direction. Each stress-strain curve exhibits linear behaviour up to a maximum value (ultimate
strength), followed by a sudden drop in load caused by the failure of the tensile fibre at the bottom
surface of the sample. This brittle behaviour of the samples is due to fibre dominant properties, and
a similar observation was made by Shah et al., [2].

The stress-strain curves for 0.5 wt.% GNP are shown in Figure 4(a). In the warp direction, the
flexural strength showed a significant increase in stiffness and strength compared to the pristine
epoxy-based 3DOWC (194 MPa). The interaction between GNP and epoxy resin helps to improve the
load transfer, stiffness, and strength. However, when the GNP content increases to 1.0 wt.% and 1.5
wt.% (Figures 4(b) and 4(c)), the flexural strength decreases, maybe due to the agglomeration and
uneven stress distribution. The flexural strength was also slightly increased in the weft direction
compared to the pristine 3DOWC (328 MPa). However, the increase in stiffness and strength may be
less pronounced than in the warp direction due to differences in fibre orientation, consistent
improvement, and better stress distribution.

The comparison of flexural stress-strain curves for NS (2.5 to 7.5 wt.%) in warp and weft directions
is shown in Figures 4(d) to 4(f). All stress-strain curves showed a linear response until they approach
the elastic limit before plastic deformation and fibre failure. In the warp direction, the flexural
strength showed an inconsistent trend across different weight percentages, with the highest flexural
strength observed at 7.5 wt.%, followed by 2.5 wt.% and 5.0 wt.%. The higher flexural strength of 7.5
wt.% may indicate an effective interfacial interaction or a well-defined phase morphology of NS.
However, a very consistent trend was evident in weft loaded specimens; with increase in NS content,
the flexural strength also increases, highest at 7.5 wt.%, followed by 5.0 wt.% and 2.5 wt.%. The weft-
loaded samples have higher bending stiffness and peak flexural strength compared to the warp-
loaded samples due to the presence of warp yarns on the top and bottom surfaces of the specimens,
which resist flexural loads.
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Fig. 4. Stress vs strain curves for nano-filled 3DOWC (a) 0.5 wt.% GNP (b) 1.0 wt.% GNP (c) 1.5 wt.% GNP
(d) 2.5 wt.% NS (e) 5.0 wt.% NS (f) 7.5 wt.% NS. Warp: 00 direction, weft: 900 directions

3.2 Comparison of Normalized Flexural Response for Single Nano-Filler

Flexural Strain (%)

The results obtained from flexural tests in terms of flexural strength, flexural modulus, final failure
(50% load drop), and energy absorption are summarized in Table 3. The flexural strength of pristine
epoxy-based 3DOWC in the warp and weft directions was 194 MPa and 328 MPa, respectively. For
GNP/epoxy resin 3DOWC, the warp-loaded samples showed higher flexural strength at low
concentration, while the weft-loaded samples appeared at higher GNP concentration, as shown in
Figures 5(a) and 5(b). The flexural strength in the warp and weft directions was increased by 48.4%
and 12.0% at 0.5 wt.% and 1.5 wt.% GNP compared to pristine epoxy-based 3DOWC, respectively,
while the flexural modulus remains constant, as illustrated in Figures 5(c) and 5(d).

Table 3

Summary of test results for single filler (average of 3 tested specimen of each case)

Configuration

Flexural strength

Flexural modulus

Final failure (50% load drop)

Energy absorption

(MPa) (GPa) (N) (J)
Pristine  warp 194+8.6 910.4 810.8 38819.3
weft 32849.1 16x1.5 11+1.4 677+8.3
S1 warp  28819.0 10+0.4 11+3.1 606+8.7
weft 349+8.7 17+0.9 9+1.0 727+2.9
S2 warp  223+10.2 9+0.2 9+2.0 457+4.2
weft 368+3.1 16+0.6 10+0.5 741+9.8
S3 warp  260+9.8 9+0.1 6+1.5 538+6.2
weft 36817.9 1610.3 10£0.2 748+1.7
sS4 warp  255%6.8 9+0.1 11+0.9 514+4.4
weft 36516.0 17+0.4 10+0.3 73247.5
S5 warp  236%7.4 10+0.3 11+1.4 49310.2
weft 38749.2 18+0.3 9+0.3 768+6.2
S6 warp  265+3.7 1010.5 9+ 2.0 541+4.4
weft 457+2.7 19+1.0 10£0.4 94345.2
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Subsequently, the high GNP concentration could lead to the agglomeration of nanoparticles,

which could reduce the flexural strength due to the generation of localized stress concentration that
samples show a 10.5% increase in final failure at 1.5 wt.% GNP and no significant increase in energy

absorption in this direction.

serves as initiation point for crack formation and propagation. Conversely, lower GNP concentrations
can result in higher flexural strength due to the uniform dispersion of GNP throughout the matrix,

thereby providing the nucleation sites for crack deflection and retention. In terms of final failure (50%
load drop) and energy absorption, the warp-loaded samples show an increase in final failure and
energy absorption of 56.2% and 27.4%, respectively at 0.5 wt.% GNP; however, the weft-loaded
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Pristine  S1
In contrast, the NS/epoxy system showed an increase in flexural strength with an increase in NS

concentration. The flexural strength increased by 36.9% and 39.3% at 7.5 wt.% NS in the warp and
weft directions, respectively, with a slight increase in the flexural modulus by 8.3% and 16.6%,
absorption in this direction, as depicted in Figures 5(c) and 5(d). The increase in flexural strength by
modifying epoxy resin with NS could be due to the better adhesion between fibre and matrix
interface, self-assemble linkage into nanostructures and unique morphology of Nanostrength®. The
M53 (NS) block copolymer consists of two PMMA blocks and a PBUA core. The PMMA block forms an

showed a 39.4% and 12.3% increase in final failure and energy absorption, respectively, whereas the
weft-loaded samples exhibited a 39.3% increase in final failure and no significant increase in energy

respectively, compared to the pristine 3DOWC samples, as shown in Figures 5(a) and 5(b). In terms
of final failure (50% load drop) and energy absorption; at 7.5 wt.% NS, the warp-loaded samples
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effective shell around the epoxy resin and the PBUA core provides an immiscible rubber phase that
stretches under the flexural load. Therefore, an increase in the NS concentration results to an
increase in the flexural strength, final failure, and energy absorption in the 3DOWC.

3.3 Damage Mechanism

In the following section, detailed failure mechanisms in 3D-FRCs under flexural loading and the
corresponding improvements through matrix modification are presented using SEM images.

3.3.1 Damage morphologies in pristine 3D-FRCs

Figure 6 shows the SEM images of microscopic damage mechanisms in the epoxy-based 3D-FRCs
under flexural loading. The main damage mechanisms in the epoxy-based 3D-FRCs were matrix
cracking, debonding/ delamination of the fibre-matrix interface, yarn tensile failure, yarn kinking, and
re-orientation of yarns. The increase in micro-crack size and density leads to the formation of stress
concentration regions, contributes to the development of macro-cracks within the matrix. Figures
6(a) and 6(b) shows debonding and failure of the fibre-matrix interface due to the weak interfacial
bonding, localized deformation of the epoxy matrix, and inadequate impregnation or resin-rich areas.
Fibre tensile failure occurs near the bottom surfaces of the samples which are induced by the stress
concentrations and flexural loads, wherein high stresses along the outer fibers exceed their tensile
strength, as highlighted in Figure 6(c). Furthermore, matrix micro-cracking and re-orientation of yarn
leads to the formation of kinking band and extensive interface failure. These kinking bands serve as
sites for crack initiation, as shown in Figure 6(d).

N

/ Fib}e/ rﬁgtri):'ineerface <
debonding.

s

Fig. 6. The failure process morphology (SEM images) for pristine 3DOWC (a)
Micro matrix cracking (b) Fibre-matrix interface debonding (c) Fibre tensile
failure near the bottom surface (d) Fibre kinking and failure
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3.3.2 Damage morphologies in nano-filled 3D-FRCs

The flexural loaded cross-section of GNP/epoxy and Nanostrength® (M53)/epoxy-based 3D-FRCs
were examined for micro-structural analysis using SEM, as shown in Figure 7 and Figure 8,
respectively. In GNP-based 3DOWC, crack pinning or bifurcation, crack deflection and separation
between GNP layers are the main damage mechanisms. First, microcrack pins near the GNP particle,
then they face the GNP agglomerates, which form branches of the main microcrack. This crack
redirection prolongs matrix cracking and delays delamination of the fibre-matrix interface resulting
in a tougher fibre-matrix interface compared to pristine epoxy-based 3DOWC. On the other hand,
these branched microcracks re-connect with some variation of their height, resulting in shear failure
of the GNP particles in the matrix, as shown in Figures 7(a) and 7(b). Evidence for such a crack pinning
mechanism was also reported by Bortz et al., [17]. The second major damage mechanism results from
the separation of the GNP layers. The cracks captured by the GNP particle create a separation
between their layers, which eventually connects the main branching cracks. This layer separation
influences the microstructure of the GNP-based matrix resin. A similar phenomenon was also
reported by Parashar and Mertiny [18]. Therefore, low GNP loading can lead to a harder fiber-matrix
interface by bridging cracks and avoiding agglomerates, whereas a higher loading leads to stronger
layer separation, as shown in Figures 7(c) and7(d).

Fig. 7. Damage morphology for GNP modified 3DOWC (a) Crack branching and
reconnection (b) GNP fragment and crack pinning (c) Crack bridging (d) GNP
agglomerates

While in NS-based 3DOWC, damages mechanisms occur in BCP-rich regions due to crack pinning,
particle stretching, partial debonding and formation of fibrils or strands, as explained using SEM
images in Figure 8. The tougher fibre-matrix interface was revealed due to the strong interfacial
bonding and microphase separation, as shown in Figure 8(a). The NS particles act as barriers to crack
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propagation, deflecting the crack path and increasing the plasticity of the matrix, as shown in Figure
8(b). Therefore, the interface between NS and matrix requires more energy for the further
propagation of microcracks. The crack bridging by the NS particle includes their stretching, partial
debonding and the creation of a cup and cone shape. Thus, the dispersed spherical tri-block
copolymer nanoparticles in interconnected domains induce robust toughening mechanisms such as
plastic deformation and bridging, as shown in Figures 8(c) and 8(d), a similar phenomenon was also
reported by Klingler and Wetzel [44].
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Fig. 8. Damage morphology for NS modified 3DOWC (a) Micro matrix cracking
(b) Crack deflection and propagation (c) Fibre-matrix interface debonding (d)
BCP stretching and bridging

4. Conclusions

Modification with nanoparticles influences the flexural performance, damage mechanism, and
final failure mode of 3DOWC. This presented tailored matrix modification approach investigated a
detailed analysis of the nanofillers (NS and GNP) for the flexural properties and damage mechanisms
of 3BDOWC. The panels were fabricated by using the VARI method to achieve uniform distribution of
nano-fillers and uniform thickness of the samples. For each configuration, three samples were
subjected to the three-point bend test in each warp and weft direction. The samples loaded with 0.5
wt.% GNP showed higher flexure strength and final failure in the warp direction due to the uniform
dispersion and effective reinforcement of the matrix between the warp fibre, while 1.5 wt.% GNP
showed higher flexure strength in weft the direction due to the increased interaction between GNP
and the weft fibre. The 0.5 wt.% GNP showed a 48.4% and 56.2% increase in flexural strength and
final failure (at 50% load drop) in warp direction as compared to pristine epoxy-based system,
whereas in the weft direction, 1.5 wt.% of GNP acquired to increase flexural strength and final failure
by 12.0% and 10.5%, respectively. On the other hand, it was found that the energy absorption was
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increased by 27.4% at 0.5 wt.% GNP, and there was no significant increase in weft direction. While
the NS/epoxy system showed a 36.9% increase in flexural strength at 7.5 wt.% NS in the warp
direction and a 39.3% increase in the weft direction. For the warp-loaded samples of the same
concentration, final failure and energy absorption increased by 39.4% and 12.3%, respectively. For
the weft-loaded samples, final failure increased by 39.3%, but there was no significant increase in
energy absorption in this direction.

The enhancement of flexural strength and final failure in both directions due to their ability of
cross-linkage, self-assemble into nanostructures, uniform dispersion, and plasticization. The damage
mechanism attributed by the modification of GNP evidence of crack deflection and crack pinning. In
addition, important damage mechanisms are separation between the GNP layers that occurs at
multiple places and shear within the GNP layer due to weak force between GNP layers. It is also
evident that these separations which occur at multiple places can also combine to the main crack.
However, the mechanism of separation within the sheets can either be shear or rapture of GNP
particle depending on the orientation of the sheet to the load and crack propagation direction. On
the other hand, the modification with NS attributes the particle stretching, crack bridging and
debonding, formation of fibrils or strands, matrix plasticization, and strong adhesion between fibre
and matrix. The NS particles were homogenously dispersed throughout the matrix.
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