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Abstract

This study introduces advanced epoxy formulations incorporating carbon-based nanofillers,
carbon nanotubes, nanofibers, and functionalized graphene. The epoxy matrix was op-
timized to lower moisture absorption and enhance multifunctional properties. A non-
stoichiometric epoxy/hardener ratio reduced equilibrium water concentration (Ceq) by up
to 30% compared to unmodified epoxy, achieved by minimizing polar groups responsible
for water bonding. These improvements benefit the aerospace, marine, and wind energy
sectors. All nanofillers form a secondary phase with reduced glass transition temperature
(Tg), but functionalized graphene performs best. Its self-assembled sheet architectures
trap resin, limit water interaction, and create conductive pathways, improving strength,
reducing moisture uptake, and achieving a low electrical percolation threshold (EPT).
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1. Introduction

The design of functional nanocomposites for structural applications requires a careful
balance between matrix selection and nanofiller integration to transfer nanoscale proper-
ties to bulk materials effectively. Recent advances in controlling matter at the nanoscale
level have enabled the development of next-generation composites capable of meeting
stringent structural and multifunctional requirements [1-6]. In aerospace engineering,
the increasing replacement of metallic components with lightweight composites is driven
by the need to reduce fuel consumption, operational costs, and environmental impact,
while maintaining high mechanical performance and resistance to fatigue and corrosion.
For instance, a weight reduction of 1 kg in an aircraft’s primary structure corresponds to
a decrease of approximately 3.15 kg of CO, emissions. Carbon-fiber reinforced polymers
have played a pivotal role in this transition [7-11]; however, their full potential remains
limited by performance under severe service conditions, including lightning strikes, icing,
humidity, and wide temperature variations. To overcome these limitations, functional
nanocomposites can be engineered to exhibit properties beyond conventional strength and
stiffness [12]. Incorporating small amounts of electrically conductive nanoparticles into
epoxy matrices or interlaminar regions can significantly improve electrical and thermal
conductivity [13-19], enabling anti-lightning and anti-icing functionalities and enhancing
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thermal dissipation [4]. Nevertheless, moisture absorption remains a critical challenge, as
water uptake adversely affects mechanical properties by reducing the glass transition tem-
perature (Tg) through disruption of strong hydrogen bonds in the cured network [20-23].
Among high-performance epoxy systems, Tetra-Glycidyl-MethyleneDiAniline (TGMDA)
cured with 4,4’-diaminodiphenyl sulfone (DDS) offers superior thermal and mechanical
properties but exhibits higher water absorption compared to more common bifunctional
precursors such as DGEBA, with reported values up to 7.76 wt%, leading to a significant
Ty decrease. This study addresses these issues by proposing nanofilled TGMDA /DDS
epoxy formulations with reduced moisture uptake and enhanced multifunctionality. The
approach combines the use of reactive diluents to lower viscosity—critical for nanoparticle
dispersion—with optimized hardener ratios and post-curing treatments to minimize water
sorption. The resulting chemical architecture demonstrates unique water absorption behav-
ior and improved electrical and mechanical performance, paving the way for advanced
composites suitable for demanding aerospace and marine applications.

2. Experimental Part
2.1. Materials

The epoxy matrix was formulated by mixing tetraglycidylmethylenedianiline (TG-
MDA, epoxy equivalent weight 117-133 g/eq) with the reactive diluent 1,4-butanediol
diglycidyl ether (BDE) at 80:20 wt%. The curing agent, 4,4'-diaminodiphenyl sulfone
(DDS), was added in stoichiometric and non-stoichiometric ratios relative to epoxy groups.
Samples were designated as:

e  Epoxy (chemical composition TGMDA + DDS without reactive diluent). This sample
was hardened in stoichiometric conditions.

e  Epoxy/Dil (chemical composition TGMDA /BDE + DDS with reactive diluent). This
sample was hardened in stoichiometric conditions.

o  Epoxy/Dil (NST) (chemical composition TGMDA /BDE + DDS with reactive diluent).

This sample was hardened in non-stoichiometric conditions (DDS at 44.4 phr).

BDE was used for improving the curing by increasing reactive group mobility, particu-
larly beneficial for nanoparticle-filled systems requiring higher curing temperatures.

The carbon nanofillers, multi-walled carbon nanotubes (MWCNTs), carbon nanofibers
(CNFs), and carboxylated partially exfoliated graphite (GNP), were dispersed in the epoxy
mixture to enhance mechanical, electrical, and moisture-resistance properties. In particular,
the following nanofillers were used:

e MWCNTs (Nanocyl 3100): diameter 10-30 nm, length up to several micrometers,
4-20 walls, surface area 250-300 m? /g, >95% carbon purity.

e CNFs (Pyrograf III): heat-treated at 2500 °C for optimal electrical and
mechanical performance.

e  GNP: prepared via acid intercalation (HNO3;/H;SO,) and thermal expansion at 900 °C,
yielding 2D sheets with edge carboxyl groups and 60% exfoliation degree.

After electrical characterization, in which the samples were prepared in a range
between 0 and 1% for the CNT-based system and in a range between 0 and 2% for the
CNF- and EPG-based systems, respectively, both mechanical characterization and water
absorption were performed at concentrations above the electrical percolation threshold
(EPT). The latter approach was used to study epoxy systems in which the electrically
conductive paths were well structured. Specifically, concentrations of 0.5% and 1.0%
were selected.
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2.2. Characterization
2.2.1. Transport Properties-Setting

Fully cured epoxy samples (40 x 20 x 0.50 mm?®) were prepared to analyze the water
sorption behavior. A reduced thickness was used to minimize edge effects, allowing one-
dimensional diffusion analysis. Before testing, specimens were conditioned at 120 °C
under vacuum for 24 h to ensure complete dryness, including removal of bound water, as
confirmed by the disappearance of the related peak in the dynamic mechanical spectrum.
Samples were then immersed in distilled water at 25 °C, periodically removed, wiped with
lint-free tissue, and weighed using a digital balance (0.01 mg resolution). Water uptake
(Ct%) was calculated using the following equation:

W, — Wy
t

C = * 100 (1)
where W; is the weight at time t, and Wy is the initial dry weight. The equilibrium
concentration (C,q) was determined at the plateau of the absorption curve.

A Fickian behavior was obtained for the curves C;/Ceq against the square root of time
of the resin loaded with 0.5% and 1.0% of CNTs, CNFs, and GNP.

This behavior allowed us to determine the diffusion parameter, D, by the initial linear
part of the curve using Equation (2) [24].

1
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2.2.2. Dynamic Mechanical Properties-Setting

The dynamic mechanical properties of the samples were analyzed using a dynamic
mechanical thermo-analyzer (Tritec 2000 DMA, Triton Technology, Worcester, MA, USA).

3 were tested under variable flexural

Solid specimens with dimensions of 2 x 10 x 35 mm
deformation in a three-point bending mode. The displacement amplitude was set to
0.03 mm, and measurements were carried out at a frequency of 1 Hz. The temperature

range spanned from —90 °C to 315 °C, with a heating rate of 3 °C-min .

2.2.3. Electrical Characterization

DC conductivity was measured on disk specimens (~2 mm thick, 50 mm diameter).
To ensure ohmic contact and minimize surface roughness effects, samples were coated
with silver paint (~50 um, resistivity 0.001 (2-cm). Tests were conducted in a shielded,
temperature-controlled cell managed by LABVIEW®. For samples above the Electrical
Percolation Threshold (EPT), a Keithley 6517A (Keithley Instruments, Solon, OH, USA)
acted as a voltage source (£1000 V) and voltmeter (200 V), while an HP34401A ammeter
(Agilent Technologies, Santa Clara, CA, USA) measured currents down to 0.1 pA. Below
EPT, the Keithley 6517A also served as a picoammeter, detecting currents as low as 0.1 fA,
ensuring accurate conductivity characterization. These experimental conditions allowed
us to obtain the Electrical percolation threshold (EPT) curves from which the values of
electrical conductivity in the plateau condition were derived.

3. Results
3.1. Transport Properties

Figure 1 shows the curve of C; as a function of the time (hours) of the epoxy resin
without diluent, and the epoxy mixture containing the diluent at stoichiometric and non-
stoichiometric ratios of amine/epoxy.
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Figure 1. C; as a function of the time (hours) of the samples Epoxy, Epoxy/Dil, and Epoxy/Dil (NST).
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The equilibrium sorption of liquid water (C,y) decreases from 6.81% for TGMDA + DDS
(Epoxy system) to 5.76% for the Epoxy/Dil sample cured under stoichiometric hardener
conditions, and to 4.83% for the Epoxy/Dil (NST) sample cured under non-stoichiometric
conditions. The resin reduces its Ce; by approximately 15% to 30%. This reduction is highly
significant for the use of epoxy resins in aeronautical and other structural applications,
as absorbed moisture can lead to increased degradation and compromised mechanical
performance. Table 1 shows the values of the diffusion parameter, D (cm 2/s), and the
sorption values at equilibrium (Ce;) of the unfilled and filled epoxy formulation.

Table 1. Diffusion parameter, D (cm 2/s), and the sorption values at equilibrium (Ceq) of the unfilled
and filled epoxy formulation.

Sample D (cm?/s) Ceq (%)
Epoxy/Dil (NST) 1.39 x 1077 4+ 4.94 x 10710 4.83 +0.02
0.5% CNTs 1.25 x 1072 +3.40 x 10~ 1 5.89 + 0.06
0.5% GNP 1.52 x 1072 4+ 2.60 x 10710 5.54 + 0.02
0.5% CNFs 1.31 x 1072 £ 1.08 x 10710 5.60 £ 0.01
1.0% CNTs 1.44 x 1072 £ 545 x 10~ 11 5.55 + 0.11
1.0% GNP 1.36 x 1072 + 1.71 x 10710 5.11 4+ 0.02
1.0% CNFs 1.83 x 1072 +1.51 x 10710 551 +0.12

These findings indicate that a small amount of nanofiller (up to 1%) does not influence
the diffusion coefficient. Comparing all results, it is evident that the Epoxy/Dil (NST)
sample, as well as the nanofilled epoxy resins, exhibit a lower water uptake. This value
is comparable to that obtained for DGEBA cured with DDS in stoichiometric proportions
(4.03%) or cured with a tertiary amine [25], which promotes polyetherification through nu-
cleophilic ring opening of the oxirane ring, resulting in a network with significant structural
differences compared to those formed with primary amines, as in the present study.

3.2. Dynamic Mechanical Properties

Figure 2 shows the curves of the storage modulus (a), (b), and (c), and the loss
factor (tand) (d), (e), (f) of the unfilled epoxy formulation Epoxy/Dil (NST) and epoxy
formulations at loading rates of 0.5% and 1% by weight of CNTs, CNFs, and GNP cured in
non-stoichiometric conditions.
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Figure 2. Storage modulus (a—c) and the loss factor (Tan 5) (d—f) of the unfilled epoxy formulation
Epoxy/Dil (NST) and epoxy formulations at loading rates of 0.5% and 1% by weight of: CNTs, CNFs
and GNP cured in non-stoichiometric conditions.

Figure 2 highlights the effect of non-stoichiometric systems with two nanoparticle
concentrations to assess the filler effects. Both nanofiller addition and non-stoichiometric
curing increase the low-Tg phase, whose peak height and width depend on filler type
and its amount. The system filled with GNP at 1 wt% produces the most pronounced
low-Tg peak and significant reinforcement in storage modulus, altering properties like
toughness and flexibility. GNP’s edge-carboxylation enhances polymer—filler interactions,
improving mechanical and electrical performance while reducing moisture uptake, aided
by self-assembly of graphitic [26]. CNTs also provide reinforcement, though less at low
loadings. These behaviors reflect complex curing chemistry, where network structure, and
thus Tg and material properties, depend on resin formulation, hardener type, stoichiometry,

and cure kinetics.

3.3. Electrical Properties

From the EPT curves (reported in Figure 3a—c), it was demonstrated that GNP enabled
electrical percolation at very low filler content (0.025-0.1 wt%), due to self-assembly and
strong matrix interaction. At 0.5 wt%, GNP increased conductivity by an order of mag-
nitude (up to 0.31 S-m~1!), as shown in Table 2, which reports the values of the electrical
conductivity o (5/m) for the non-stoichiometric samples loaded with 0.5 and 1.0 wt% of

carbonaceous fillers.
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Figure 3. Electrical conductivity values of the nanocomposites versus filler weight percentage,
reinforced with (a) CNTs; (b) CNFs; (c) GNP.
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Table 2. Electrical conductivity o (S/m) of the non-stoichiometric epoxy and the samples loaded with
0.5 and 1.0 wt% of carbonaceous fillers.

Sample o (S/m)
Epoxy/Dil (NST) 8.17 x 10714
0.5% CNTs 1.73 x 107!
1.0% CNTs 3.24 x 101
0.5% CNFs 1.80 x 107!
1.0% CNFs 422 x 1071
0.5% GNP 3.08 x 101
1.0% GNP 3.03 x 1071

4. Conclusions

Multifunctional epoxy systems were developed to reduce moisture uptake while en-
hancing electrical and mechanical properties. Water sorption at equilibrium (Ce;) decreased
from 6.81% to 5.76% for TGMDA /BDE + DDS (stoichiometric curing) and to 4.83% for
TGMDA /BDE + DDS(NS) (non-stoichiometric). This reduction (15-30%) is significant for
industrial applications. Nanofilled samples with CNTs, CNFs, and GNP showed C,; values
only slightly higher than the unfilled matrix, with GNP composites exhibiting the lowest
moisture content and improved mechanical performance. GNP also enabled electrical
percolation at very low filler content (0.025-0.1 wt%), due to self-assembly and strong
matrix interaction, which reinforced the elastic modulus. At 0.5 wt%, GNP increased con-
ductivity by an order of magnitude (up to 0.31 S-m~1), making these systems ideal for wind
energy, aerospace, and marine applications. Self-assembly likely contributes to reduced
moisture uptake by limiting water access to polar sites. Dynamic mechanical analysis
confirmed increased chain mobility near fillers, especially GNP, due to its functionalization
and morphology. T, variations induced by nanofillers were also investigated.
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