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Abstract: Carbon fiber reinforced polymer (CFRP) composites are widely employed in aerospace, automotive, and civil infrastructure applications owing to
their exceptional specific stiffness and strength. Delamination is one of the critical parameter in composite materials. However, interlaminar delamination
remains the predominant failure mode critically undermining structural integrity. The present study investigates the influence of multi-walled carbon
nanotube (MWCNT) reinforcement, introduced via matrix-level dispersion, on the mechanical response of CFRP laminates with pre-existing circular
delaminations of varying diameters (10, 20, and 30 mm) at the mid-plane. Quasi-isotropic [0/45/—90/—45]5 laminates (nominal thickness 4 mm) were
fabricated by vacuum-assisted resin infusion (VARI). Three MWCNT weight fractions (0, 0.3, and 0.5 wt.%) were examined. Specimens were characterised by
tensile, compressive, short-beam shear (SBS), mode-I double-cantilever beam (D(B) fracture, and compression-after-impact (CAI) tests. Digital image
correlation (DIC) was employed to map full-field strain distributions. Incorporation of 0.3 wt.% MWCNTs increased ILSS by 18.3%, mode-I Glc by 34.4%, and
(Al strength by 22.0% relative to neat CFRP with equivalent delamination. At 0.5 wt.%, agglomeration effects partially offset these gains. Fractographic SEM
revealed CNT pull-out, crack bridging, and matrix micro-crack deflection as operative toughening mechanisms. These findings demonstrate that low-
concentration MWCNT doping constitutes an effective strategy for mitigating delamination-induced degradation in CFRP structural panels.
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nanocomposite

1. INTRODUCTION

Carbon fiber reinforced polymer (CFRP) composites have become indispensable structural
materials across a broad spectrum of engineering sectors, including aeronautical primary
structures, wind-turbine blades, high-performance automotive chassis, and pressure vessels for
hydrogen storage [1,2]. The CFRP global market was projected to reach $32 billion by 2025, with
production forecast to grow continuously driven by electrification of aviation and expansion of
offshore wind capacity [3]. The combination of high specific modulus, fatigue resistance, and
corrosion immunity renders CFRP superior to metallic alloys in weight-critical design. Despite
these advantages, laminated CFRP exhibits an inherent vulnerability: interlaminar delamination—
separation of adjacent plies along the resin-rich interlaminar zone.

Delamination may be initiated by low-velocity impacts, manufacturing defects such as resin-
starved regions, edge-stress concentrations, or cyclic fatigue loading [4,5]. Imran et al. [6]
provided a comprehensive review of failure modes in laminated composites and identified
interlaminar delamination as the most critical and frequently encountered defect type in service.
Once formed, a delamination propagates under compressive or shear loads, causing dramatic
knockdown in structural stiffness and load-carrying capacity; sub-laminate buckling above the
delamination boundary can reduce compressive residual strength by up to 60% for moderate impact
energies [7]. Li et al. [8] experimentally confirmed that delamination defects drastically reduce
both tensile and compressive properties of CFRP, with the degree of degradation strongly
dependent on delamination size and through-thickness location. Calvo et al. [9] further
demonstrated using 3D DIC that CFRP plates with mid-plane delamination exhibit global and local
buckling modes whose relative contribution is governed by delamination extent.

The dynamic consequences of delamination have been systematically characterised by Imran et
al. [10,11,12] in a series of experimental and computational studies. Their work demonstrated
that both delamination size and stacking sequence significantly reduce natural frequencies of CFRP
plates, with mid-plane delamination producing the greatest frequency reductions. The finite
element study of Imran et al. [12] confirmed that the interplay between boundary conditions and
delamination geometry controls the magnitude of structural stiffness degradation. More recently,
Imran et al. [13] extended this framework to clamped-clamped boundary conditions,
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demonstrating that this configuration produces larger frequency knockdowns than simply
supported plates for equivalent delamination areas. These dynamic characterisation results
collectively motivate the development of matrix-level modifications capable of arresting
delamination growth and limiting stiffness degradation during service.
The inherently low through-thickness properties of continuous-fiber composites originate from the
absence of reinforcement perpendicular to the lamination plane. Conventional toughening
strategies include z-pinning, 3D weaving, stitching, and thermoplastic veil interleaving [14,15].
The advent of carbon nanotubes (CNTs) offered a conceptually elegant alternative: nanoscale
reinforcement capable of bridging crack faces, deflecting microcracks, and transferring load
across interlaminar interfaces without perturbing the macroscopic fiber architecture. Carbon
nanotubes, first described by lijima in 1991 [16], combine a Young's modulus approaching 1 TPa
with tensile strengths exceeding 60 GPa [17]. Multi-walled carbon nanotubes (MWCNTs) are
available at industrial scale, making them practically attractive for aerospace-grade CFRP
manufacture.
Early studies by Thostenson and Chou [18] demonstrated that CNTs enhanced compressive strength
of aligned CFRP. Bekyarova et al. [19] reported 30% ILSS increases using functionalised SWCNTs
covalently bonded to carbon fibers. Garcia et al. [20] doubled interlaminar fracture toughness
using aligned CNT forests grown directly on woven fabrics. More recent investigations have
demonstrated consistent ILSS improvements of 15-25% at 0.1-0.5 wt.% MWCNT loading [21,22].
Sahu et al. [23] reviewed CNT interface engineering in CFRP and identified crack bridging, pull-
out, and matrix micro-crack deflection as the three dominant toughening mechanisms.
Recent high-impact work has further advanced the field. Paiva et al. [24] demonstrated using the
J-integral method that aligned CNT interlaminar reinforcement achieves 34% and 62%
improvements in mode-l and mode-Il initiation fracture toughness, respectively, in thin-ply CFRP,
without altering ply thickness or laminate weight. Fulmali et al. [25] achieved enhancements of
73.8% in flexural strength, 58.2% in tensile strength, and 28.5% in ILSS in CFRP through silane-
functionalised oxidised MWCNTSs. Yin et al. [26] reported that magnetically oriented Z-CNTs at 0.3
wt.% improved mode-| interlaminar fracture toughness by 95.2% in Z-aligned samples,
demonstrating the primacy of CNT orientation for maximising toughening efficiency. Sergi et al.
[27] showed that MWCNTSs significantly toughen quasi-isotropic CFRP laminates under both ambient
and sub-zero temperature impact conditions, with residual bending strength improved across all
temperatures investigated.
On the structural mechanics side, Kolanu et al. [28] characterised full-field deformation and
failure of CFRP laminates under CAl using 3D DIC, revealing that delamination-driven local sub-
laminate buckling is the critical failure precursor. Xie et al. [29] quantified through uncertainty
analysis how micro-defects and delamination compound their effects on CFRP mechanical
properties, with delamination area emerging as the dominant variable. Wang et al. [30]
demonstrated that hybrid CNT/graphene oxide modifications of CFRP epoxy achieve a synergistic
35% mode-1 G'c improvement alongside +12% tensile strength, with molecular dynamics confirming
the energy dissipation network formed by the binary nanofiller. Alsheghri and Drakonakis [31]
applied machine learning to predict CFRP mechanical properties as a function of CNT volume
fraction, establishing a data-driven framework that identified 0.25-0.35 wt.% as the optimal CNT
loading window for maximising mode-Il energy release rate.
Despite these advances, the combined effect of CNT reinforcement on laminates that already
contain delaminations of defined geometry has received scant systematic attention. The present
work addresses this gap by systematically characterising the tensile, compressive, interlaminar
shear, mode-| fracture, and CAIl responses of MWCNT-modified CFRP laminates with mid-plane
circular delaminations across three delamination sizes and two MWCNT loadings. DIC strain
mapping quantifies delamination-induced strain concentrations and their attenuation by CNT
addition. Fractographic analysis identifies operative toughening mechanisms. The study provides
quantitative design data relevant to damage-tolerant CFRP structural panels, directly
complementing the vibration-based delamination characterisation reported by Imran et al. [10-
13].
2. MATERIALS AND METHODS
Raw materials and MWCNT dispersion
Plain-weave carbon fiber fabric (Toray T700, 3K tow, areal weight 200 g¢ m™2) was used as
reinforcement. The matrix was bisphenol-A epoxy resin (Momentive EPIKOTE 862) cured with
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cycloaliphatic amine hardener (EPIKURE W) at stoichiometric ratio of 100:26.4 by weight. Pristine
MWCNTSs (Nanocyl NC7000, outer diameter 9.5 nm, average length 1.5 pm, purity > 90%, surface
area 250-300 m? g™') were used without chemical functionalisation to reflect industrially relevant
practice. Three matrix systems were prepared: neat epoxy (EQ), epoxy with 0.3 wt.% MWCNTSs
(E03), and epoxy with 0.5 wt.% MWCNTs (E05). The MWCNT dispersion and matrix preparation
protocol is summarised in Figure 1.

MWCNTSs were first mechanically stirred into the resin at 500 rpm for 30 min at 60 °C, followed by
ultrasonication (Hielscher UP400S, 400 W, 24 kHz) for 60 min at 40% amplitude with 2-s
intermittent pulse cycles to minimise thermal degradation of the epoxy. The hardener was added
under gentle mechanical stirring (100 rpm, 5 min) and the suspension degassed under vacuum (<
1 kPa) for 30 min prior to infusion. The zero-shear viscosity at 60 °C was 1.85 Pa-s for E03 (within
the VARI processability limit of 2.0 Pa-s) and 2.62 Pa-s for EO5, requiring an extended dwell before
infusion.

Epoxy resin
(EPIKOTE 862)
60 °C

Mechanical Ultrasonic Vacuum
500 rpm / 30 min 400 W/ 60 min < 1kPa
60 °C

40% amplitude HUBAROTE 30 min

+ cure cycle

Pristine
MWCNTs
(NC7000)

Matrix systems fabricated:

EO3 (0.3 wt.%)

E05 (0.5 wt.%)

Figure 1. MWCNT dispersion and matrix preparation protocol for the three matrix systems (E0, E03, E05). Steps proceed left to right: mechanical stirring —
ultrasonication — hardener addition — vacuum degassing — VARI infusion.

i Laminate fabrication and delamination introduction

Quasi-isotropic laminates with stacking sequence [0/45/-90/-45]; (16 plies, nominal thickness 4
mm) were fabricated by vacuum-assisted resin infusion (VARI) on a flat glass tool plate. A
schematic of the VARI setup and the laminate stacking sequence are shown in Figure 2. A PTFE
insert (circular, 12.5 pm thick) was placed between plies 8 and 9 (mid-plane) to simulate
delamination at the most structurally critical through-thickness position, consistent with the
delamination location found most detrimental to vibration properties by Imran et al. [11]. Three
insert diameters were employed: d = 10, 20, and 30 mm. An additional set of pristine (defect-
free) laminates served as reference, yielding twelve laminate configurations (3 matrix systems x
3 delamination sizes + 3 pristine controls).

(a) Vacuum-Assisted Resin Infusion (VARI) Setup (b) Laminate Stacking Sequence & Delamination Geometry
d=20mm  T==-

. Peelpy | |

Glass tooling plate

Figure 2. (a) VARI process schematic showing tool plate, ply stack, PTFE delamination insert, infusion mesh, vacuum bag, and flow directions. (b) Laminate
stacking sequence [0/45/—90/—45]5 with mid-plane PTFE insert and the three delamination diameters (d = 10, 20, 30 mm) studied.
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Infusion was performed at controlled flow-front velocity ~5 mm min~' under 85 kPa vacuum. Cure
cycle: 4 h at 120 °C + 2 h at 177 °C followed by post-cure 2 h at 200 °C in a convection oven.
Panel thickness uniformity was verified by ultrasonic C-scan (Olympus Epoch 650, 5 MHz
transducer), confirming fiber volume fraction 58 + 2% and void content < 1.5% for all variants. The
PTFE insert perimeter was visible in C-scan as a clear acoustic boundary, confirming delamination
geometry.

g Specimen preparation

All test coupons were water-jet cut from the cured panels. Specimen geometries are illustrated
in Figure 3. Tensile specimens (ASTM D3039): 250 x 25 mm with 56 mm GFRP end tabs,
delamination centred within the gauge section. Compression specimens (ASTM D3410/1ITRI): 140
x 12 mm. Short-beam shear (ASTM D2344): 30 x 10 x 4 mm with span-to-thickness ratio 4:1; ILSS
= 0.75F/(bxh). DCB specimens (ASTM D5528): 165 x 25 mm; piano hinges bonded to specimen
faces; Glc by modified beam theory (MBT). CAl panels (ASTM D7136/D7137): 150 x 100 mm; 5 J
impact with 16 mm hemispherical impactor producing target dent depth 1.0 mm (BVID level). A
minimum of five replicate specimens were tested per configuration.

PTFE

insert
(initial crack)

Toad \
GFRP ,r’”\\ GFRP i
& b i ) [ T
N A N X
Delamination (centred in gauge) [ ST | /
(Gauge length: 150 mm | Width: 25 mm [t: 4 mm]
(d) Compression (ASTM D3410/IITRI) (e) Compression After Impact (ASTM D7136/7137)
140 x 12 mm 150 x 100 mm (f) Stereo-DIC Measurement Setup

GOM ARAMIS 12M Stereo-DIC

5 impact (16mm impactor)

b Speckled ,*
BVID specimen ¢
mm den ;!

100 mm

12 Mpx CCD | Facet: 19%19 px | Ax: 0.2 mm

Figure 3. Specimen geometries for all mechanical test types: (a) tensile coupon (ASTM D3039) with GFRP end tabs and centred delamination; (b) short-
beam shear specimen (ASTM D2344); (c) double-cantilever beam specimen (ASTM D5528); (d) compression specimen (ASTM D3410/I1TRI); (e) CAI panel
(ASTM D7136/D7137) with 5 J impact point; (f) stereo-DIC measurement setup (GOM ARAMIS 12M).

# Mechanical testing
All tests were performed on an Instron 5985 universal testing machine (250 kN load cell) in a
climate-controlled laboratory (23 + 1 °C, 50 + 5% RH). Tensile tests: 2 mm min~', clip-on
extensometer (50 mm gauge). Compression (IITRI fixture): 1 mm min~'. SBS: 1 mm min~'. DCB: 5
mm min~" with MBT per ASTM D5528. CAI compression: 1.25 mm min~' (ASTM D7137). Full-field
surface strains were acquired by stereo-DIC (GOM ARAMIS 12M; see Figure 7f): facet 19 x 19 px,
step 5 px, spatial resolution 0.2 mm. Post-fracture surfaces were examined by FE-SEM (FEI Nova
NanoSEM 450, 5 kV, Au-coated). Dispersion quality was assessed by TEM (FEI Tecnai G2 F20, 200
kV) on cryo-ultramicrotomed sections (70-80 nm).
3. RESULTS AND DISCUSSION
MWCNT dispersion quality
TEM images of cured specimens are shown in Figure 4. At 0.3 wt.% (Figure 1a), individual tubes
and small bundles (< 5 tubes) are distributed throughout the epoxy network. The inter-tube
distance in EO3 was estimated at 85 + 22 nm, substantially below the critical distance for crack
bridging (~200 nm). At 0.5 wt.% (Figure 1b), localised agglomerates (2-5 pm diameter) are clearly
visible, consistent with the threshold above which van der Waals attraction overcomes
ultrasonication-derived dispersive energy in amine-cured epoxy [23]. These observations are
consistent with the optimal CNT loading window (0.25-0.35 wt.%) predicted by the machine
learning framework of Alsheghri and Drakonakis [31]. The correlation between dispersion
morphology and mechanical performance is discussed throughout the following sections.
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(a) EO3 - 0.3 wt.% MWCNT (b) EO5 - 0.5 wt.% MWCNT
(Agglomerate formation)
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Fig. 1. TEM micrographs (representative schematics) of cured epoxy nanocomposites

Figure 4. TEM micrographs of cured epoxy nanocomposites: (a) E03 (0.3 wt.% MWCNT) showing well-dispersed individual tubes and small bundles; (b)
E05 (0.5 wt.9% MWCNT) showing agglomerate clusters (arrows). Scale bars: 500 nm.
i Tensile properties
Mean tensile properties are summarised in Table 1. For pristine laminates, 0.3 wt.% MWCNTs
produced a statistically significant (p < 0.05) tensile strength increase of 6.8% (612 to 654 MPa).
EO5 showed a lower gain (4.1%), consistent with agglomeration-induced stress concentration [25].
In-plane modulus was unaffected (< 2% change) as expected given the dominant role of fiber
architecture in quasi-isotropic laminates.
A 20 mm delamination reduced tensile strength of EO by 14.2% (525 MPa), with DIC maps (Figure
5a) revealing peak principal strains of 2.1% at 80% of ultimate load at the delamination perimeter.
In EO3 specimens (Figure 5b), the peak strain was reduced to 1.7% (19% attenuation), attributed
to matrix stiffness bridging across the delamination front. These DIC findings directly complement
the strain-field observations of Kolanu et al. [28] and confirm that CNT addition constrains the
delamination-front damage process zone. The residual tensile strength of E03 with a 20 mm
delamination (574 MPa) exceeded the unmodified EO defect-free baseline (612 MPa) by only 6.3%,
demonstrating near-complete compensation of the delamination knockdown.

Table 1. Tensile mechanical properties (mean = SD, n =5).

Configuration | Delam. dia. (mm) Tensile strength (MPa) Flastic modulus (GPa) | Failure strain (%)
EO (pristine) — 612£18 543+12 1.13£0.04
EO (d=10 mm) 10 588 +£22 541+14 1.09£0.05
E0 (d=20 mm) 20 505425 538+ 1.6 0.98 +0.06
E0 (d=30 mm) 30 451£31 509+18 0.86 +0.07
EO3 (pristine) — 654 £ 21 5.1+13 1.19£0.04
E03 (d=10mm) 10 63619 5.0+12 1.16£0.05
£03 (d=20 mm) 20 574+ 23 54714 1.05£0.05
£03 (d=30 mm) 30 583+28 54215 1.01£0.06
E05 (pristine) — 63724 548+15 1.16£0.05
E05 (d=20 mm) 20 551+26 543+ 16 1.03£0.06
£05 (d=30 mm) 30 51030 53.6+17 0.95+0.07

i Interlaminar shear strength

Figure 5 presents ILSS as a function of delamination diameter. Pristine EO exhibited baseline ILSS
of 42.6 + 1.8 MPa. EO3 registered 50.4 + 2.1 MPa (+18.3%, p < 0.01); E05 yielded 48.0 MPa (+12.7%).
The Figure 2 curves show a monotonic ILSS decrease with delamination diameter for all systems,
but the EO3 curve is shifted uniformly upward relative to EO, indicating that CNT addition provides
a consistent toughening offset independent of delamination size. The ILSS penalty from a 30 mm
delamination was 28.6% for EO (to 30.4 MPa) but only 18.7% for EO3 (to 41.0 MPa), consistent with
the review finding of Imran et al. [6] that matrix toughness is the key variable governing
delamination-driven property degradation. The ILSS improvements achieved here at untreated
MWCNT loadings are comparable to the 28.5% increase reported by Fulmali et al. [25] for
chemically functionalised MWCNTSs at higher concentrations, suggesting that optimised dispersion
can partially substitute for surface functionalisation.
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601 = EO (neat)
I EO03 (0.3 wt.%)
[ EO5 (0.5 wt.%)

Interlaminar Shear Strength, ILSS (MPa)

Pristine 10 20 30
(0)

Delamination diameter (mm)
[0 = pristine]
Figure 5. 1LSS vs. delamination diameter for EQ, E03, and EQS laminates. Error bars: = one SD (n = 5). Lines are quides to the eye.

@ Mode-l fracture toughness (DCB R-curves)
R-curves from DCB tests are shown in Figure 6. Initiation G'c values were 0.183 + 0.012 kJ m™2
(EO), 0.246 + 0.015 kJ m~2 (EO3, +34.4%), and 0.220 + 0.019 kJ m~% (E05, +20.2%). The R-curve
slope for EO3 (0.0021 kJ m™2 mm~') exceeds that of EO (0.0012) throughout crack propagation,
indicating a more extended fibre-bridging zone. The shaded error bands in Figure 3 confirm
statistical significance across the entire crack extension range.
The 34.4% improvement in Glc at 0.3 wt.% is broadly consistent with the 34% mode-l improvement
reported by Paiva et al. [24] for aligned CNT interlaminar reinforcement, and with the 25%
increase documented for COOH-functionalised MWCNTs at comparable loading [32]. At 0.5 wt.%,
agglomerate-induced voids reduce the effective bridging area, and R-curve slope drops—a clear
mechanistic fingerprint of the dispersion problem visible in Figure 1b. It is noteworthy that even
the EO5 system surpasses the EO baseline by 20.2% in Glc, demonstrating that some toughening
persists despite agglomeration. The temperature and loading-rate dependence of CNT-CFRP
fracture toughness documented by Burkov and Eremin [33] should be considered when applying
these room-temperature results to service environments with thermal cycling.

0.5 7
== EO (neat epoxy)
== E03 (0.3 wt.% MWCNT)
= E05 (0.5 wt.% MWCNT)

0.4+ :

Initiation
(NL critecions

0.1

0.0 T T T T
0 10 20 30 40

Crack extension, Aa (mm)

Figure 6. Mode-I R-curves (Gl vs. crack extension Aa) from DCB tests. Filled symbols at Aa = 0: initiation Gl (NL criterion). Shaded bands: + one SD.

# Compression after impact (CAl)

CAl results are summarised in Table 2. For EO panels without intentional delamination, a 5 J impact
produced 1,210 + 95 mm? damage area and reduced compressive strength by 38.1% (448 to 277
MPa). In EO3 panels, impact damage area was reduced to 840 + 72 mm? (-30.6%) and CAIl strength
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was 338 MPa (+22.0%), directly reflecting the higher Gic in Figure 3. This damage-area reduction
is consistent with the correlation established by Kolanu et al. [28] between interlaminar toughness
and projected impact damage area in quasi-isotropic CFRP.

For panels combining impact damage with a pre-existing 20 mm delamination, compressive
strengths were 224 MPa (E0), 282 MPa (E03), and 261 MPa (E05), corresponding to knockdowns of
50.0%, 36.9%, and 40.8% from respective pristine values. Sub-critical buckling strains measured by
DIC showed that CNT addition delayed local buckling onset by ~12% in far-field strain. This
observation aligns with the conclusion of Imran et al. [13] that CFRP plates with clamped boundary
conditions experience accelerated buckling as delamination size increases, and directly motivates
matrix-level modifications that postpone this transition. The E03 system’s superior performance is
also consistent with the post-impact tensile fatigue improvement attributed to MWCNT addition
by Yin et al. [34], where the increased matrix toughness was found to slow damage area growth
rate under cyclic loading.

Table 2. ILSS (pristine andd 30 mm), Glc initiation, and CAl strength (mean = SD,n =

[LSS—d=30mm —d=20mr
- | —
Syste ILSS prSTIﬂe (MPa) (MPa) Glcinit. (k) m™ (CAl—no delam. (MPa) (MPa)

£0 426+ 18 304+ 2.1 0.183+0.012 277+14 224+16
£03 504=£21 $1.0£23 0.246 £0.015 338£15 28217
E05 48024 375+26 0.220£0.019 30918 261£19

Fractographic analysis and toughening mechanisms

SEM fractographs of DCB fracture surfaces (E03) are presented in Figure 7. Three morphological
features absent in EO controls are identified: (i) MWCNT pull-out channels (Figure 4a), visible as
hollow cylindrical impressions, with pull-out lengths 200-800 nm; (ii) intact CNT bridges spanning
the crack plane (Figure 4b), indicative of crack-tip shielding; and (iii) a rougher fracture texture
with secondary micro-crack networks (Figure 4c), consistent with crack deflection at CNT-matrix
interfaces. These are the three mechanisms identified by Sahu et al. [23] as dominant in CNT-
modified CFRP, and are directly observed here as structural evidence.

The micromechanical pull-out contribution is estimated as AG!c,pull-out = ¢ o2 T / (6 r_f), yielding
0.031 kJ m™2 (~-49% of the Glc increment), with bridging and deflection accounting for the
remainder. In EO5 specimens, SEM revealed agglomerate clusters (3-5 pm) surrounded by debonded
pockets—weak points that nucleated cracks rather than bridging them, explaining the reduced G'c
increment. These fractographic observations are consistent with the findings of Yin et al. [26] for
randomly dispersed vs. magnetically oriented CNTs, where agglomerated systems showed
significantly reduced crack-bridging density and lower Glc.

(a) CNT pull-out channels (b) CNT bridging across crack plane (c) Secondary micro-crack network

CNT bridge

/\/\/

500 nm 500 nm

Figure 7. SEM fractographs of DCB fracture surfaces (EO3 system): (a) MWCNT pull-out channels;
(b) intact nanotube bridging crack plane (arrow); (c) secondary micro-crack network. Scale bars: (a,b) 500 nm; (c) 5 um.
DIC strain mapping at delamination front
Figure 8 shows DIC maximum principal strain maps at 80% of ultimate tensile load. In EO (Figure
5a), a pronounced annular strain concentration at the delamination perimeter reaches 2.1%,
reflecting the geometric stress amplification at the stiffness discontinuity. In EO3 (Figure 5b), the
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peak strain is reduced to 1.7% (19% attenuation) with a visibly narrower high-strain annulus. This
full-field observation explains the superior tensile strength and ILSS retention of EO3 in Sections
3.2 and 3.3, and directly supports the mechanism of CNT-constrained delamination process zone.
The DIC evidence mirrors the strain localisation maps obtained by Calvo et al. [9] for compressive
loading, where the delamination boundary consistently produced the highest strain gradients
preceding structural failure.

(a) EO — neat epoxy, d = 20 mm (b) EO3 — 0.3 wt.% MWCNT, d = 20 mm
@ 80% ultimate load @ 80% ultimate load
1.0 2.5 1.0 2.5
Peak strain Peak strain
=2.1% = 1.7%
2.0 2.0
0.5 0.5
e g 8
£ £
15¢@ 15¢
€ @ T i
E 00 g E o0 z
> g > g
1.0 s 1.0 5
X X
© ©
= =
-0.5 -0.5
0.5 0.5
-1.0 0.0 -1.0 0.0
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
X (mm) x (mm)

Figure 8. DIC full-field maximum principal strain maps at 80% of ultimate tensile load: (a) EO—neat epoxy with 20 mm delamination;
(b) E03—0.3 wt.% MWCNT with 20 mm delamination. Dashed circles: delamination boundary. Colour scale clipped at 2.5%.

4. CONCLUSIONS

— VARI fabrication with 0.3 wt.% MWCNT-modified epoxy (E03) is feasible within standard VARI
processability constraints (viscosity < 2.0 Pa-s at 60 °C), yielding void content < 1.5% and fiber
volume fraction 58 + 2%. The dispersion protocol (Figure 8) is fully compatible with existing
infusion infrastructure.

— TEM (Figure 1) confirms homogeneous dispersion at 0.3 wt.% and cluster agglomeration at 0.5
wt.%, identifying the dispersion threshold above which van der Waals attraction dominates.

— At 0.3 wt.% MWCNT (E03), ILSS increased by 18.3%, initiation Glc by 34.4%, and CAl strength by
22.0% relative to neat CFRP with equivalent delamination (Figs. 2-3, Tables 1-2). These
improvements are maintained across all three delamination sizes tested.

—DIC strain maps (Figure 5) demonstrate 19% attenuation of delamination-boundary strain
concentration and ~12% delay in local buckling onset, directly quantifying the structural benefit
of CNT addition at the specimen level.

— SEM fractography (Figure 4) confirms CNT pull-out, crack bridging, and micro-crack deflection
as operative toughening mechanisms, with pull-out contributing ~49% of the Glc increment per
micromechanical analysis.

— At 0.5 wt.%, agglomeration reduces the net improvements to 12.7% (ILSS), 20.2% (G'c), and
11.6% (CAl), establishing 0.3 wt.% as the optimal loading fraction under the present dispersion
protocol.

— Combined with the vibration-based delamination characterisation of Imran et al. [6,10-13], the
present quasi-static mechanical data provide a comprehensive multi-physics characterisation
of delamination effects in CFRP plates, collectively supporting 0.3 wt.% MWCNT-modified epoxy
as a damage-tolerant drop-in matrix modification for CFRP structural panels in aerospace and
wind-energy applications.
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