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ABSTRACT

Glass Fiber Reinforced Polymers (GFRPs) are widely used in structural applications but degrade over time due to internal dam-
age. Structural Health Monitoring (SHM) enables early damage detection, improving reliability and reducing maintenance costs.
Traditional SHM methods are often invasive and expensive. An emerging solution involves the embedding of carbon-based
filler like carbon nanotubes and reduced graphene oxide into GFRPs, forming conductive networks that detect damage through
resistance changes. However, poor adhesion among GF, filler, and matrix can reduce mechanical performance. Therefore, tai-
loring GF and filler surface chemistry is essential to enhance durability and enable effective self-sensing properties. This review
summarizes the most recent efforts in modifying GF with carbon-based filler to design GFRP with improved sensing ability and
mechanical performance. After a brief introduction on the role of SHM solutions in early damage detection, an overview of the
common GF and filler used in GFRPs will be provided. Then, the most relevant GF modification strategies exploited to incor-
porate carbon-based filler in GFRPs will be described, focusing on the chemical grafting approach, which allows a careful opti-
mization of the fiber/matrix interface. Last, a concise summary of the key mechanical and electrical tests to evaluate interfacial
adhesion and self-sensing will be supplied.

1 | Introduction reinforcing fibers in the polymeric matrix, and their low produc-

tion costs, chemical resistance, and design flexibility prompted

The use of advanced GFRPs for structural applications has been
tremendously growing in the last years due to the thrust of dom-
inating industrial fields like aerospace, automotive, wind en-
ergy, and construction industries. Their widespread utilization
is connected to their exceptional mechanical properties such as
high stiffness and fatigue resistance, given by the integration of

their diffusion against metal or ceramic materials. In light of these
applications, safety and long-term reliability are mandatory re-
quirements for composite materials, which are necessary to guar-
antee their secure employment. This is particularly relevant when
considering a design life of 25years for a turbine blade or more than
200,000km for a high-performance car frame. However, obtaining
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Summary

« Conductive fillers in GFRPs act as reinforcements and
sensors for damage detection.

« GFsurface modification with rGO and CNTsenhances
adhesion, electrical, and mechanical properties.

» Physical methods are scalable but struggle with
achieving effective filler dispersion and percolation.

« Chemical grafting better improves adhesion and filler
distribution, but it is harder to scale up.

« Mechanical and electrical test results for adhesion
and self-sensing are tightly connected to the hybrid
interface.

high-performance structures is particularly challenging because
they are frequently subjected to severe working conditions, such
as complex multiaxial cyclic loads, prominent levels of strain or
stress, or even exceptional loading conditions. These may induce
a continuous decrease in material stiffness and can cause a com-
posite structure to lose up to 30%-40% of its initial stiffness well
before the final failure. Besides, defects or damages may occur at
any time during the whole lifecycle of GFRPs, namely voids, fibers
wrinkling, delamination, or impact damage [1], which concerns
the matrix, fiber, and particularly their interfaces.

Thus, early identification of structural damages or potential
breakages is necessary to ensure operational safety. Conventional
non-destructive testing (NDT), such as visual, ultrasonic, thermo-
graphic, infrared thermography, radiographic, electromagnetic
testing, and many others [2, 3] are the most widely used analytical
technologies to identify failures or defects. However, they rely on
a suitable program of periodic inspections to guarantee the moni-
toring of damage development and remaining lifetime by an exter-
nal operator, which may result in delayed damage detection and
increased costs. To overcome these issues, emerging structural
health monitoring techniques have recently demonstrated prom-
ising performance by counting on the implementation of in situ
damage external detection systems, which behave as real-time
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sensors and are particularly efficient in the anticipation of struc-
tural failures [4]. This becomes even more significant in the pres-
ence of internal damage, which cannot be easily detected by the
most common methods, such as visual inspection. In general, SHM
technologies are based on the use of permanently anchored exter-
nal sensors or actuators in engineered structures, such as acous-
tic emission sensors or optical sensors, which acquire real-time
responses of composite materials to an external stimulus during
service conditions. The working principle of SHM is similar to that
of the human body, as the installed sensors are expected to identify
the modifications to the structure of the material and to report it
to a control center through a transmission unit (Figure 1a), which
will elaborate a proper response.

Interestingly, the most recent advancements in the field are driv-
ing towards the development of smart SHM materials with self-
sensing capabilities that do not involve any external sensors and
permit cost, and weight reduction compared to traditional tech-
nologies, without using any cable and wires. In this case, the
sensing properties for SHM are achieved by the incorporation of
conductive fillers in GFRPs, acting both as effective reinforcing
fillers and “artificial neurons” for damage detection. In detail,
the integration of these materials directly in the epoxy matrix re-
sults in the generation of a conductive network. The occurrence
of structural damage creates local interruptions in this network,
leading to an increase in the measured electrical resistance of
the composite material, which can be used as a probe, beyond
mechanical tests, to quantify the health state of the materials.

In this context, carbon-based fillers are the most commonly
used class of materials to impart the electroconductivity re-
sponse in the form of carbon black (CB) nanoparticles, car-
bon nanotubes, graphene nanoplatelets, or reduced graphene
oxide, which leads to the formation of a percolative conductive
network. Figure 1b illustrates a schematic of self-monitoring
in a model GFRP ply, where the dashed red line indicates
the conduction path through the percolating filler network.
Electrical conductivity is guaranteed by ohmic conduction via
contacting filler particles and tunneling conduction across the
gaps between particles or agglomerates [5]. During the whole
activity, a careful damage analysis of the composites is carried
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FIGURE1 | (a)Analogy between the structure of the human body and of smart structures based on SHM; (b) schematic representation of a cross-

ply composite with the presence of a conductive filler network and corresponding stiffness loss and increase of the electrical resistance of the com-

posite due to in service loadings. The red dashed line represents the conduction path across the percolative network.
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out, with the aim of evaluating the main damage mechanisms
(crack initiation, propagation and fiber failure) under static,
fatigue, and impact loadings. The self-monitoring perfor-
mance is then assessed by monitoring the variation in elec-
trical resistance during these mechanical tests, revealing the
effect of damage on the electrical properties of the composites
and their self-sensing capabilities.

The main advantage of this approach is that it can be considered
a non-invasive in situ technology, with high sensitivity to both
matrix and interfacial damages, along with high versatility and
design flexibility that can be achieved by tuning the filler na-
ture, size, shape, and loadings. These can be embedded in the
matrix by exploiting several physical and chemical approaches,
that is, by mixing them with the resin, by coating the GF sur-
face, or through chemical grafting. However, the use of proper
operational conditions is crucial to determine a significant filler
dispersion and distribution; thus, promoting the formation of a
suitable conductive network by simultaneously maintaining the
mechanical properties of GFRPs.

As mentioned before, one of the most critical factors influencing
the progressive damage of these composites is the fiber-filler/
matrix interface, where stress concentration occurs due to dif-
ferences in the thermal expansion coefficients between the GF,
the filler, and the polymer phase. Describing the interface con-
cept in the case of GFRP composites is, in fact, not so straight-
forward. According to Figure 2, at the macroscopic level, the
interface can be viewed as the shared boundary between the
fibers and the matrix. At the microscopic level, this boundary
is a transition zone often referred to as “interphase,” where the
chemical, physical, and mechanical properties gradually evolve
from the fiber to the matrix [6]. In this interphase, the polymer
chains can either behave like those of bulk matrix (polymer) or
exhibit distinct properties due to their interaction with the fiber
surface (i.e., adsorbed material). Moreover, this region is further
altered during the composite consolidation or fabrication pro-
cess as a function also of the fiber topography.

Consequently, tailoring the filler arrangement with respect to
the GF and modulating the interphase nanostructure estab-
lished among the filler, GF, and the polymer play a pivotal role
in modulating the fiber/matrix adhesion; thereby opening the
possibility of optimizing both the sensing and the mechanical
properties of GFRPs [7-9].

Depending on the bonding conditions at the fiber/matrix inter-
face, several adhesion mechanisms may work simultaneously:
mechanical interlocking, electrostatic adhesion, interdiffusion,
and chemical bonding. For instance, when the fiber surface is
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FIGURE2 | Schematic representation of interface/interphase in GFRPs.

rough, mechanical interlocking is more likely to take place at
the interface. Electrostatic bonding, on the other hand, results
from the attraction between positive and negative charges local-
ized at the surface of the filler and matrix, but it is rarely ob-
served in GFRP. Interdiffusion bonding relies on the ability of
polymer chains to diffuse into the interphase region, often form-
ing interpenetrating polymer networks as a transition zone be-
tween the bulk matrix and GF. Finally, chemical bonding entails
a reaction at the interface of the chemical groups on the GF and
filler surface with those of the matrix, forming covalent bonds.
The occurrence of these mechanisms is tightly connected to the
surface features of fiber, filler, and polymer host.

In particular, the incorporation of carbon-based fillers in GFRPs
not only improves their electrical conductivity but also exerts
a crucial influence on some of the above-described adhesion
mechanisms. For instance, CNTs can significantly increase the
surface area available for interaction at the GF/matrix inter-
face, promoting enhanced mechanical interlocking because the
roughened surface created by the CNTs on one hand provides
additional mechanical anchorage points; on the other hand, it
enables the polymer chains to better penetrate and encapsulate
the fibers. This increases the load transfer efficiency from the
matrix to the fibers. Moreover, as described in Section 4, sur-
face modified CNTs and GO can form strong covalent or van
der Waals bonds with both the GF and the polymer matrix, thus
enhancing chemical adhesion. It has also to be mentioned that
the introduction of nanocomponents improves the wettability
of GF, ensuring better impregnation of the matrix into the fiber
bundles, strengthening the adhesion forces at the interface, pro-
moting a more uniform distribution of stress, and reducing void
content. Finally, CNTs and graphene possess exceptionally high
mechanical and electrical conductivity properties so that, when
integrated into the fiber/matrix interface, they contribute to the
local stiffness and piezoresistive behavior of the composite.

From this background, the next sections will first provide a brief
illustration of the main components used to produce GFRPs,
namely glass fiber types and polymer matrices; then a detailed
description of the characteristics of CNTs and GO filler cur-
rently utilized to develop conductive GFRPs will be given.

2 | Basic Components and Manufacturing of
GFRPs

The production of GFRPs is based on two main elements, namely
the polymer matrix and the glass fibers, which represent the
primary skeleton of GFRPs. In these composites, GFs are em-
bedded in a continuous polymeric matrix, acting as reinforcing
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agents and enhancing the mechanical properties of the bare
polymer. The selection of raw materials is one of the most cru-
cial steps in the formulation of GFRPs, as it strongly impacts the
final application and desired performance. Beyond their nature,
several parameters, such as their structural features, shape, vol-
ume fraction, and thermal and mechanical resistance, must be
considered from an industrial perspective to fulfill the neces-
sary requirements and reach the product application. Moreover,
depending on the specific utilization of GFRPs, minor compo-
nents and/or fillers (i.e., carbon-based or ceramic oxide fillers)
as well as organic compatibilizers are added to impart sensing
properties or more specific reinforcing features to the compos-
ite. In the following section, the main characteristics of the poly-
mer and GFs used for GFRP production are highlighted.

2.1 | Polymer Matrix

The continuous polymeric phase used for GFRPs can be classified
as a thermoset or thermoplastic material. Thermoplastic polymers
are produced by chain or step growth polymerization of monomers
and have a very high molecular weight such as 100,000-250,000
for high density polyethylene (HDPE) or 8000-31,000 for poly-
ethylene terephthalate (PET). In general, these polymers do not
require any chemical crosslinking reaction to obtain the desired
mechanical features; therefore, they can be dissolved and repeat-
edly melted or softened by applying heat, allowing re-processability
and recycling. However, the high melt viscosity and elevated pro-
cessing temperature may hinder interfacial interaction and fiber
impregnation in the composites, affecting the cost-efficiency and
significantly limiting their use in GFRPs.

In contrast, thermoset matrices are widely used for GFRPs pro-
duction and represent almost 90% of the matrices used in GFRPs.
Thermosets are low-molecular-weight resins that require an exter-
nal stimulus (heat, chemical curing agent, or radiation) to promote
the formation of a 3D network through a crosslinking mechanism,
depending on the functional groups of the resin chain or hardener
agent. This contributes to the thermal and mechanical resistance
properties of the polymer, but at the same time results in a complex
recycling and reprocessing of the material, due to the impossibility
of dissolving the system [10, 11].

The mostly used thermoset polymers in GFRP composites are
epoxy, polyester, vinyl ester, and phenolic resins. In particular,
epoxy resin is the most widely used thermoset polymer owing
to its desirable characteristics, such as resistance to chemicals,
good adhesion to different substrates, heat and corrosion resis-
tance, and curing under a wide range of temperatures.

2.2 | Glass Fibers

Among the fiber-reinforced composites for structural applications,
GF are the most widely used fibers, thanks to the cheap cost, flex-
ibility, non-magnetic and non-conductive properties, chemical
resistance, and the possibility to be molded into complex shapes.

GF are synthetic fiber [12, 13] formed from a silica-based (or
other glass) formulation extruded into many fibers with mi-
crometric diameters. According to their nature, fibers can be

classified as natural (i.e., jute, flax, cellulose, etc.) or synthetic
fibers (i.e., carbon, glass, boron, etc.) [14-16]. The latter impart a
higher stiffness, strength, and fatigue strength compared to the
natural ones, and show a good compatibility with the polymer
matrix, which reduces the fibers aggregation and increases the
moisture resistance [17]. For this reason, synthetic fibers and
specifically GF have been preferred in industrial applications so
far, even though the increasing attention to more recent themes
such as renewability, recyclability, and biodegradability is driv-
ing the development of more environmentally friendly and low-
cost materials [18, 19]. This includes the use of both natural and
hybrid fiber-reinforced composites, where two or more types of
fiber coexist in a single matrix structure [20]. In fact, natural
fibers can be used as a sustainable, renewable, and biodegrad-
able reinforcement in FRPs, but the increment of the mechani-
cal properties of the composite is modest due to their nature. An
example is reported by Saleem et al., where ramie and banana fi-
bers are introduced in an epoxy matrix for structural monitoring
applications, and the damage mechanism has been evaluated
with a non-destructive testing method called acoustic emission
testing (AE) [21].

However, GFs remain the most widely used fibers in FRPs and
can be categorized based on the fiber length and their chem-
ical composition, that both play a crucial role in determining
the specific physical and mechanical properties of the resulting
GFRPs. Specifically, the length of the fibers influences their ori-
entation and defines the structural properties of the composite
material [22, 23]. In fact, long fiber reinforced composites, called
“continuous fiber reinforced composites,” are composed by long
fibers usually arranged in tows or unidirectional/bidirectional
fabrics, leading to an efficient and effective load transfer. On
the other hand, shorter fibers, usually in a chopped strand form
(3-12mm) or milled form (0.15-4 mm) [24], termed as “discon-
tinuous fiber reinforced composites,” must be carefully chosen
to ensure effective load transfer, limit the formation of cracks
and, subsequently, avoid the composite failure. In fact, the in-
terfacial weakness and the strength of a composite is directly
proportional to the fiber length for the same fiber volume frac-
tion resulting in a non-effective material strength and fracture
resistance of the final composite [25]. However, this type of re-
inforcement is getting attention thanks to the cost-effectiveness,
process flexibility, and the potential of achieving isotropic prop-
erties. Discontinuous fiber composites bridge the stiffness and
strength gap between continuous fiber laminates and neat poly-
mers, which can be interesting, for example, for civil applica-
tions (i.e., roadways, concrete structures) where a high degree of
wear resistance is required [26], or for automative applications
where the processing flexibility and the cost effectiveness are
an asset.

Table 1 summarizes the classification of GF according to their
chemical composition, where the capital letter (namely E, C, S,
A, D, R) is used to differentiate among the percentages of inor-
ganic materials used during their production process.

In general, GF are mainly composed of silica (SiO,), which rep-
resents between 55% and 70% of the whole GF, followed by alu-
mina (Al,0,) and a variety of other metal oxides, whose usage is
related to a fine control of the resulting mechanical and electrical
features, as well as their corrosion resistance. In particular, E-glass
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fibers are composed mainly of SiO,, CaO, and Al,O,. They are
characterized by good strength, high thermal resistance, and elec-
trical resistivity. In addition, E-glass fibers are distinguished by a
strong resistance to the most common chemical agents, to abrasion
and vibration, and have excellent flexibility. These characteristics
make them the most common type of GF employed in GFRPs.

Generally, the strength of glass fiber is affected by its surface
features. The surface concentrations of different oxides in GF
can differ from the bulk composition, depending on factors such
as the glass thermal history, ambient humidity, and any surface
treatments applied after melting and cooling. For instance, E-
glass fibers possess other hydroxyl groups, such as AI-OH and
B-OH at the surface, besides common silanols (i.e., =SiOH)
[28-30]. The presence of boron on silica surfaces is known to
enhance the reactivity of surface silanol groups with the silanes
[31, 32], which is essential for the sizing procedures and for the
fabrication of GFRPs (see Section 4.2).

Despite the many benefits, GFs also carry some disadvantages
such as their lower stiffness-to-density ratio compared to car-
bon fibers and, as previously mentioned, their challenging dis-
posal at the end of their service life [26]. In fact, GFRPs, deriving
from many stages of manufacturing, cannot be easily recycled

or reutilized, and for this reason a lot of research is now facing
their waste disposal method [33-35]. Nowadays, the direct reuse
of the fibers can be exploited through mechanical grinding,
and the chopped fibers are employed in different applications
as fillers; on the other hand, chemical and thermal methodolo-
gies have been widely studied to recover GFRPs. However, these
processes still have negative environmental impacts and high
additional costs due to the consumption of high energy required
to reach extremely elevated temperatures [36].

2.3 | Manufacturing Techniques of GFRPs

The main techniques utilized for the production of GFRPs, with
a special focus on thermosetting matrices, are summarized and
schematized in Figure 3.

Different manufacturing protocols have been reported for the
preparation of GFRP composites, including hand lay-up [37],
resin transfer molding (RTM) [38], vacuum-assisted resin trans-
fer molding (VARTM) [39, 40], filament winding [41], pultrusion
[42], compression molding [43], and automated fiber placement
(AFP) [44-46]. The choice of one technique over the others is in-
fluenced by the production costs and the desired characteristics

TABLE1 | Chemical compositions (expressed as weight percentages) and physical properties of different glass fibers [27].

Type sio, ALO, TiO, B,0, Ca0O MgO Na,0 K,O Properties

E-glass 55,0 14,0 0,2 7,0 22,0 1,0 0,5 0,3 Higher strength and electrical resistivity
C-glass 64,6 4,1 — 5,0 13,4 3,3 9,6 0,5 Higher corrosion resistance

S-glass 65,0 25,0 — — — 10,0 — — Highest tensile strength

A-glass 67,5 3,5 — 1,5 6,5 4,5 13,5 3,0 Higher durability, strength and electric resistivity
D-glass 74,0 — — 22,5 — — 1,5 2,0 Low dielectric constant

R-glass 60,0 24,0 — — 9,0 6,0 0,5 0,1 Higher strength and acid corrosion resistance
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FIGURE3 | Schematic representation of the manufacturing techniques of GFRPs: (a) hand lay-up, (b) resin transfer molding (RTM), (c) vacuum-
assisted resin transfer molding (VARTM), (d) filament winding, (e) pultrusion, (f) compression molding, (g) automated fiber placement (AFP).
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of the final composite, such as size, geometry, or mechanical
properties. The differences in the methods lie in the experimen-
tal techniques used to overlap the polymer matrix and the fibers
(i.e., open mold, two-sides mold, polymer resin bath, etc.), as
well as in the curing procedure.

3 | Carbon-Based Filler for Imparting Self-Sensing
Properties to GFRPs

Recently, the development of smart polymer composites, that is,
materials that can react to external stimuli and fluctuations, is
gaining popularity thanks to their exceptional properties and
various applications. Among them, self-sensing and self-healing
materials are known as two responsive classes of materials to
detect the damage intrinsically and to reconstruct them, respec-
tively. This is often based on the inclusion of inorganic nanopar-
ticles in the matrix, which not only behave as reinforcing fillers
for the composites and enhance their mechanical properties but
can also impart additional features.

In this field, traditional GFRPs can be converted to smart poly-
mer composites with self-sensing capabilities thanks to the ad-
dition of conductive fillers that are responsible for the formation
of a conductive network inside the polymer matrix. Specifically,
carbon-based fillers are commonly used to improve the mechan-
ical properties of the composite while also providing electrical
conductivity, which is useful for monitoring the health of the
composite during its service life.

Among them, the most exploited filler is CB, introduced in the
matrix to enhance the overall properties of the polymers, also
increasing the abrasion resistance [5, 47-49]. However, the ob-
tained electrical properties are strongly affected by its disper-
sion and by the generated filler-filler or filler-matrix interactions
[50, 51]. For this reason, researchers are more recently exploiting
carbon-based allotrope fillers such as CNTs, GO, and its deriva-
tives, as described in the next paragraphs.

3.1 | CNTs: Structure and Properties

CNTs are carbon-based materials composed of a single graphitic
sheet (graphene) wrapped in a cylindrical shape, having a diam-
eter in the nanometric scale and a length that can extend to the
micrometric scale or more [52]. In general, they can be formed
either by a single wall of carbon, namely single-walled CNTs

(SWCNTSs), or by multiple walls where the cylinders are concen-
trically organized, giving rise to multi-walled CNTs (MWCNTs).
Compared to other carbonaceous fillers and to CB, they show a
high aspect ratio and promising structural and functional prop-
erties, such as high mechanical strength and electrical conduc-
tivity [53]. In fact, CNTs, thanks to the sp? bonds between the
carbon atoms, show a very high tensile strength and low electri-
cal resistivity, which can be increased by the presence of struc-
tural defects [54]. Moreover, they exhibit remarkable elasticity,
which enables them to return to their original shape after the
removal of the external strain force. Therefore, they have been
applied as reinforcing agents for the preparation of composite
materials to develop ultra-lightweight and extremely strong ma-
terials [55].

In addition, they own electrical and thermal conductivity (10°-
10’Sm~! and 3000-3500Wm~'K~!, respectively [56]) thanks
to the strong bonds between the carbon atoms, which allow
nanotubes to withstand high electric currents and high tem-
peratures. Thus, they can be used in polymeric composite mate-
rials to impart electrical properties, that are strongly influenced
by the CNTs concentration, alignment, morphology as well as
dispersion due to filler-matrix interactions. Interestingly, their
physical shape and resulting structure play a key role in tai-
loring the resulting electrical, thermal, and structural proper-
ties, and can provide a more “metallic” (highly conducting) or
semiconductor behavior. In fact, the SWCNTs structure can be
designed according to the rolling direction of the graphene in
three different ways resumed in Figure 4 (armchair, chiral and
zigzag [57, 58]) and can be represented by a vector called chiral
vector, Cy,, where C, = na; + ma, = (n, m). Among them, arm-
chair CNTs show metallic properties, whereas zig-zag and chiral
structures may have different band gap energies depending on
their diameter and may span from metals up to semiconductor
materials [59].

Regarding MWCNTs, two different structural models can be
described: the Parchment model, in which a single nanotube is
rolled around itself multiple times, and the Russian Doll model,
in which a SWCNT contains another nanotube with a smaller
diameter. In the last model, the interlayer distance is similar to
the distance between graphene layers in graphite, while the high
electrical conductivity is the same for both models. MWCNTSs
have similar properties to SWCNTSs; however, the first have a
higher tensile strength, and the protection of the inner carbon
nanotubes results in a higher preservation of the structure from
chemical interactions [60].

'

Armchair Chiral Zig-zag
n=m n#Fm m=0

FIGURE4 | Schematic representation of the chiral vector and the three structures of SWCNTs [57, 58].
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CNTs can be mainly synthesized by three methods: arc dis-
charge [61-64], laser ablation [65, 66], and chemical vapor
deposition (CVD) [67-69]. The common feature for all these
syntheses is the addition of energy to a carbon source, in the
presence of a catalyst, to produce groups or single C atoms that
recombine to form CNT. The source of energy required for the
process may be heat from a furnace for CVD, high-intensity
laser for laser ablation, or electricity for arc discharge. The
choice of one specific technique can significantly affect some
morphological features of SWCNTs and MWCNTSs, such as the
inner/outer diameter, the length of the nanotube, the control
on the size, and the purity of the final product. Consequently,
the mechanical and electrical properties of CNT are also af-
fected by the selection of one production method due to the
possible presence of structural defects on the surface [70, 71].
Moreover, the choice of the carbon source is a crucial point
also for complying with potential environmental issues. In
fact, for arc discharge and laser ablation, the source is graph-
ite, while for CVD production, the carbon source can be fossil-
based hydrocarbon and plant-based hydrocarbon. Natural gas
became the most used carbon source for CNTs production, but
also acetylene, benzene, xylene, and toluene. In this case, the
carbon source is related to fossil fuels, involving insufficient
availability and environmental effects, resulting in efforts to
consider using non-petroleum products. On the other hand,
natural precursors are rare but attractive thanks to the lower
cost and environmental effects. A possibility is to use nonde-
gradable polymers such as turpentine oil, eucalyptus oil, cas-
tor oil, coconut oil, and palm oil. Also, waste cooking oil (i.e.,
palm oil), which is less expensive than virgin oil, is a promis-
ing alternative for CNT production [72].

CNTs have been widely used as reinforcement in GFRPs to en-
hance the mechanical properties of the composite. Panchagnula
et al. [73] introduced MWCNTs in an epoxy matrix by ball
milling mixing. Tailoring the loading up to 0.4wt%, the ten-
sile strength increased significantly in accordance with the
hardness values. In another work [74], CNTs have been grafted
on GF surface with CVD technique exploiting different tem-
peratures. The tensile strength was lower than that of the GF
due to limited thermal degradation of the fiber. However, the
CNT-grafted GF resulted in an increase in the interlaminar
shear strength (ILSS), caused by CNT bridging, maintaining
the tensile properties of the composite and improving flexural
properties. Moreover, the extremely high electrical conductivity
of CNTs has been exploited for applications as self-sensing in
GFRP composites [75-78].

R3O0
020000 IDCS0S 08

3.2 | Graphene and Its Derivates

Graphene is a single graphitic sheet that can be obtained through
top-down and bottom-up techniques [79]. In top-down methods,
graphene is mainly exfoliated from graphite with a very high
yield compared to bottom-up methods, where graphene is de-
posited on a specific substrate through different processes (i.e.,
CVD, Plasma enhanced CVD, epitaxial growth in silicon carbide
substrate) [80]. The bottom-up technique offers the advantage of
a contamination-free product with control over growth, even if
it has a very low yield and higher cost for large-scale production.

One main issue related to graphene sheets is that they are usu-
ally unstable and tend to agglomerate through van der Waals in-
teractions to form graphite, which is a more stable structure. To
solve this concern, graphene can be obtained from the reduction
of graphene oxide. GO is an atomic sheet of graphite decorated
with oxygenated functional groups on the basal planes and edges
with a structure of mixed sp? and sp? hybridized carbon atoms.
GO can be easily synthesized by the oxidation of graphite (and
especially graphite oxide), whose added functional groups help
the exfoliation process into monolayers of GO by simple stirring
or mild sonication. However, as the complete reduction of GO
to graphene cannot be achieved, the structure and properties of
graphene can be restored by reducing GO to rGO (Figure 5).

The reduction can be made by chemical reactants, thermal, or
electrochemical processes [81-84]. In the case of thermal re-
duction at elevated temperatures, an inert atmosphere is gen-
erally required to avoid the combustion of the sample. For the
chemical reduction, the widely used reactants are toxic and/
or explosive (i.e., hydrazine hydrate, sodium borohydride)
[85]. Consequently, in order to alleviate environmental issues,
in the last years eco-friendly options have been exploited such
as metals (Zinc, iron, and aluminum) [86-88], alkaline solu-
tions (sodium or potassium, hydroxide) [89], sugars (glucose,
fructose, and natural cellulose) [90, 91] and other substances
[92, 93]. However, the problem of metal contamination and low
deoxygenation challenges the development of greener reduction
processes. A promising option consists in the utilization of L-
ascorbic acid, available in plants and food, as a green, effective,
and low-cost alternative reduction agent [94].

Owing to its extremely lightness and inherent strength,
graphene can be exploited as filler in polymeric composites,
resulting in good mechanical properties [95-98]. Moreover, its
most beneficial characteristic is the extremely high electrical
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FIGURES5 | Schematic representation of the structure of graphene, GO, and rGO.
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conductivity deriving from the zero-overlap between the con-
duction and the valence bands (semimetal) that promotes its use
for self-monitoring health applications; although the costs are
high [99-101].

On the other hand, rGO is a lower-quality product compared
to pristine graphene due to the presence of structural defects
and residual heteroatoms. However, it is considered a remark-
ably interesting material thanks to the same characteristics as
graphene (good electrical conductivity, etc.) and it is already
in use in a lot of applications instead of graphene (i.e., sensors,
composite materials). In fact, several examples report the use of
rGO as filler in GFRPs enhancing the mechanical properties of
the final composite [102-104]. Moreover, scientists are exploit-
ing the introduction of this carbon-based filler in GFRPs for
applications in structural monitoring, with the aim to develop
a smart material with enhanced mechanical features and high
conductivity [105-108].

The next section covers the most relevant strategies for incorpo-
rating carbon-based conductive fillers in GFRPs, with a special
focus on the GF surface modification by chemical grafting ap-
proaches, which warrant careful optimization of the fiber/ma-
trix interface.

4 | Incorporation of CNTs and rGO in GFRPs
Composites

As discussed in the previous section, the introduction of carbon
structures in GFRPs enhances the mechanical performance of
the polymer and imparts useful properties (e.g., electrical con-
ductivity), which are of fundamental importance for specific ap-
plications, like structural health monitoring.

To create an electrical conductive pathway to impart self-sensing
capabilities in GFRPs, the loading of carbon filler must reach
the percolation threshold, that is, the point at which a material
undergoes an insulator to conductor transition due to the forma-
tion of a 3D conductive network in the polymer matrix. In par-
ticular, CNTs, due to their high aspect ratio, often exhibit lower
percolation thresholds, typically around 0.01-1wt%; while rGO
can have a wider range, often between 0.1-2wt%, depending on
the degree of exfoliation and processing [109].

The good dispersion of the filler is crucial to obtaining a suitable
percolative network. This is particularly relevant in the presence
of nanometric filler, whose dimension is comparable to the do-
mains of entangled polymer chains and responsible for a high
degree of interaction at the molecular scale [110]. For this rea-
son, reducing the filler aggregation, while enhancing its inter-
actions with the matrix, is of paramount importance to promote
their utilization and the further development of self-monitoring
materials up to the industrial scale. To this purpose, controlling
the chemical and physical properties of the filler/matrix in-
terface is crucial to assure good homogeneity of the resulting
composites. In the literature, several methods have been pro-
posed to include carbon-based fillers in GFRPs, such as matrix
modification by mechanical mixing [111] or fibers modification
through physical, chemical, thermal treatments, and by coating
processes [112-115].

4.1 | Matrix Modification

Using this method, carbon-based fillers are pre-dispersed in the
resin, and then the composites with GF are prepared using one of
the manufacturing techniques described in Chapter 2. However,
the main issues of this procedure are related to achieving an
optimal dispersion of the nanofiller in the matrix, avoiding the
filler aggregation and an excess rise in the matrix viscosity. In
fact, graphene and its derivates have a very strong van der Walls
forces and 7—7 interactions between the lamellae, while the
high aspect ratio of CNTs leads to the formation of aggregates
[116-118]. Consequently, good tailoring of the filler loading is
strongly necessary. To this purpose, physical dispersion meth-
ods, such as ultrasonication or three-roll-mill machines, can be
used to break up aggregates, increasing the homogeneity of the
dispersion and avoiding aggregates with dimensions larger than
the gaps between fibers tows.

From an industrial point of view, both mechanical and chem-
ical methods have been exploited as scalable and economic
approaches to incorporate carbon-based filler in GFRPs [99].
Mechanical dispersion involves solution mixing and melt blend-
ing strategies. The first one requires the use of a solvent to in-
troduce the filler in the matrix, which results in a less viscous
filler-matrix dispersion allowing easier intercalation between
the polymer chains and the layers of the carbon-based filler. A
problem can arise during the solvent evaporation process, result-
ing in trapped air bubbles in the composite, thus reducing the
final mechanical properties. Instead, the melt blending appears
as a more environmental and economical alternative, since it is
a solvent-free approach. The carbon-based filler is included in
the matrix with a twin-screw extruder, resulting in intercalated
or exfoliated polymer chains. The main issue of the strategy lies
in the difficulty of achieving a homogeneous dispersion in a vis-
cous medium as the matrix of the composite.

The chemical dispersion method consists of an in situ polymeriza-
tion where the conductive filler is dispersed in a solution of mono-
mer followed by a polymerization reaction. This approach allows
the formation of covalent or non-covalent bonds between the filler
and the matrix, which hinder direct contact among the conductive
units and reduce the effects connected to their high aspect ratio.

Kim et al. [119] performed a comparison of the different disper-
sion methods. Solution mixing results as the best approach for
obtaining a remarkable filler distribution in the composite, while
melt blending, despite guaranteeing a homogeneous distribution,
leads to a significant size reduction and structural distortion of the
carbon-based materials. The in situ polymerization approach pre-
serves the diameter of GO sheets, but the formation of a strongly
cross-linked filler-matrix network hinders the generation of addi-
tional hydrogen bonds between the polymer chains, resulting in
limited physical properties of the composite.

4.2 | Fibers Modification

Another common approach to introduce carbon filler is based on
the modification of the fibers either by coating or chemical graft-
ing. The surface properties of GF must be suitable for further in-
teractions with the carbon-based materials to obtain valuable and
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stable GF modification. In fact, GFs are generally characterized
by suitable surface sizing (alkoxysilane with a general formula
(OR),Si-R,), applied to prevent fiber damage during processing
and improve interfacial compatibility with the resin. Fiber sizing
is a complex slurry formulation that can include 10 or more com-
ponents. The principal ones are film formers and silane coupling
agents, but also lubricants, antistatic agents, and surfactants are
generally enclosed [120-123]. The benefits of sizing modification
include cost-effective and efficient manufacturing of composite
materials with improved adhesion at the GF/matrix interface,
enhanced short- and long-term performance, and protection of
the fiber surface from damage, environmental, and moisture ab-
sorption. However, to improve the surface interactions with the
applied carbon filler, it is convenient to either remove the GF siz-
ing through previous suitable treatments or exploit oxidative pro-
cesses on the carbon filler to increase its interaction with the GFs.
Examples are provided in the following subsections.

4.3 | Fiber Coating

Coating represents a process of modification of the GF surface
with a fixed number of layers of a carbon-based filler suspension,
where the stability of the dispersion plays a key role in obtaining
a homogeneous film. It can be realized through different tech-
niques, like dip-coating [124-131], doctor blade coating [132],
CVD [133-135], electrophoretic deposition (EPD) [136-141], and
spray-coating [142-144]. A brief description of all the techniques
is provided here.

4.3.1 | Dip-Coating

This method is an industrially developed process based on a sim-
ple and scalable setup. It allows good control of the thickness and
homogeneity of the film by tailoring the experimental conditions,
that is, submersion time, withdrawal speed, number of dipping
cycles, solution composition, concentration, and temperature.
However, this approach raises environmental concern due to the
need for a large reservoir of excess material. Several attempts have
been made, especially with CNTs. Uribe-Riestra et al. [125] dip-
coated GF in a CNTs suspension to impart electrical properties to
the final GFRP composite, aiming for the detection of non-visible
damages inside a composite subjected to bending loads. To increase
the affinity with the sizing of the GF, they previously oxidized
CNTs through an acidic treatment generating surface oxygenated
groups. Then a CNTs/distilled water solution was prepared, and
the GF weave was dipped in the suspension and dried in an oven at
100°C. The carbon film showed good homogeneity; the weight of
CNTs on the fiber surface was approximately 0.5wt% and the elec-
trical resistance was within the 10°-10*Q range. In another study
[130] the suspension of the carbon-based filler was achieved by
mixing the rGO powder directly in the epoxy resin. The GF yarns,
pretreated with acetone to remove sizing agents and impurities,
were dipped in the rGO modified matrix and hung at room tem-
perature to eliminate any excess, achieving a more homogeneous
coating and lastly cured at 110°C. The piezoresistive response of
the rGO coated fibers exhibited a linear variation under low defor-
mation, suggesting a potential application for damage monitoring.
The main disadvantage of dip-coating is the absence of control of
the uniformity and smoothness of the surface, which highly affects

the electrical conductivity of the final composite [145]. Moreover,
this physical coating does not allow modifying significantly the in-
terphase region, because the nature of the fiber/carbon-based filler
interaction is mostly electrostatic, potentially resulting in leaching
phenomena in the epoxy with detrimental effects on the interfacial
adhesion.

4.3.2 | Doctor Blade Coating

This process involves the use of a blade to deposit a coating of
solution over a surface. The main advantages compared to dip
coating are the consumption of a lower amount of coating mate-
rial and the well-defined control over the film thickness by ad-
justing the distance between the sharp blade and the surface. As
the movement of the blade is in-line with the surface and removes
the excess material, a uniform thickness of the coating film is
achieved. On the other hand, a disadvantage is the restricted
application to plane substrates only. Moreover, this technique is
used to coat a manufactured laminate GF/epoxy without provid-
ing the possibility to tune chemically the interphase properties.
One significant example in the literature is proposed by Paleari
et al. [5], who used MWCNTs to coat GF for structural monitor-
ing applications by doctor blade. Different loadings of MWCNTSs
(0.75 and 1wt%) were dispersed in ethanol via sonication before
the addition of the resin monomer; after the evaporation of the
solvent, the curing agent was added, and the mixture was me-
chanically stirred. The filled resin was then deposited on glass
woven fabrics through a moving blade generating a thin coating.
The electrical resistance variation followed a linear trend with
the increase of the carbon-based filler loading. The authors sup-
pose that tunneling was the predominant mechanism of conduc-
tivity as shown at the lower loading. However, in the 1wt% CNTs
case, the higher filler content was responsible for a percolating
system where the ohmic conduction was prevalent.

433 | CVD

It refers to the deposition of a chemical gas reacting on a surface
to form a stable coating in an activated environment like heat or
plasma to obtain a high-quality film. Among the various attempts,
He et al. [146] studied the design of multifunctional GRFPs by
tailoring CNTs geometry to promote GFRPs applications such as
structural monitoring, electromagnetic adsorption, de-icing, etc.
In this study, CVD was carried out to grow CNTs on the surface
of GF. Each GF was covered by a shell of aligned perpendicularly
distributed CNTs with a length of 2.5pum and a diameter between
10 and 20nm. This orderly arrangement can facilitate the manu-
facturing process of the composite, promoting the resin diffusion
by capillary force, resulting in increased electrical conductivity,
improved strength, and remarkable storage and flexural mod-
uli. In fact, the preserved alignment of CNTs anchored to the
GF surface boosts the interfacial interactions between the fibers
and the matrix. Nevertheless, this process is disadvantageous for
GFRPs due to the high temperature required for the deposition
(600°C-1000°C) of the carbon-based coating [147] as well as due
to the high cost and complicated setup required for scale-up pro-
duction. Moreover, while this technique provides the convenience
of coating fibers with a uniform distribution of nanoparticles, it
has the drawback of poor wettability between the inert surfaces
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of the fibers and the catalyst precursor, necessary to promote the
CNT growth [148, 149], as well as degradation of the fiber's me-
chanical properties [135, 150].

434 | EPD

This industrial process involves the suspension of charged par-
ticles in a liquid medium that migrate under the influence of an
electric field and then deposit onto the surface of an electrode.
All colloidal particles with a charged surface can be used for
this type of coating, with the GF mounted on the anode. The
most relevant problem is the stability of particle dispersion,
which involves the choice of a suitable solvent. Moreover, this
process is inherently difficult because of the setup organization,
as only the side of the fiber or fabric facing the suspension is
coated, thus requiring more cycles to obtain a uniform coating.
Mahmood et al. [138] exploited EPD to produce piezoresistive
composite for strain/damage monitoring. In this work the au-
thors systematically evaluated different concentration of GO
solution (0.005-0.2wt%) and different electric field intensities
(0.5-1.5Vem™). After deposition, the covered fibers were dried
and then subjected to a reduction to obtain rGO and increase the
conductivity of the fibers. The rGO coating interphase increased
the storage and loss moduli, flexural strength (+23%), and in-
terlaminar shear strength (ILSS) (+29%) of the composites.
Furthermore, final composite showed an electrical resistivity of
~10'Qm. In another study [137], the authors coated GF surface
with MWCNTs through an EPD for in situ mechanical sensor
applications. The EPD fibers achieved higher interfacial shear
strength without degradation of the fiber strength.

However, this technique carries some disadvantages. Working
with nanoparticles introduce the possibility to have an unstable
suspension with nanoparticles agglomeration caused by their high
specific aera. Moreover, at high electric field the particles do not
have enough time to rearrange and well-pack resulting in a limited
deposit density [151]. Additionally, this physical coating does not
allow entirely the durable modification of the interphase, because
of the weak interaction between carbon-based filler and glass
surface, which results in filler detachment upon GF introduction
in the matrix. A careful tailoring of the parameters of EPD and a
pre-impregnation of the GF with the epoxy are essential to obtain
the modification of the interface and, consequently, to foster the
enhancement of the mechanical properties of the composite [72].

4.3.5 | Spray Coating

This simple method is used to cover irregular surfaces using
an airbrush gun connected to an air compressor. Carbon-based
filler needs to be stabilized in the suspension to obtain better
coating quality, and the concentration of the suspension plays
a critical role to avoid the nozzle occlusion. Zhang et al. [142]
developed a hybrid composite system by coating carbon fiber
prepreg with CNTs to enhance the damage sensing capability
and improve the fracture toughness. Two spray parameters were
tailored in the process, that is, the air pressure (30 psi) and the
distance between the spraying nozzle and the substrate (10 cm).
The CNTs were dispersed in methanol by sonication and then
sprayed on the carbon fiber prepregs placed perpendicular to

the airbrush. Mode-I fracture toughness was significantly im-
proved by 50% by adding a very low CNT loading (0.047 wt%).
In a different study [152], both fiber and matrix modification
were exploited for a simultaneous reinforcement by introducing
different carbon-based fillers (MWCNTS, graphene nanoplate-
lets [GNPs|, GO, and rGO). Briefly, the filler was dispersed in
acetone, and part of the solution was sprayed on the fibers. The
remaining part was added to the resin. After solvent evapora-
tion, the curing agent was added, and the mixture was used as
infusion epoxy for the manufacturing of laminates. Compared
to the neat GF/epoxy system, the average ILSS increased by
up to 15.4%, 8.9%, 13.3%, and 10.7% with the 0.15, 0.2, 1.0, and
0.042wt% of MWCNTSs, GNP, GO, and rGO, respectively. The
main disadvantage of spray coating is the limited thickness con-
trol, which usually ends up with not homogeneous coverage of
the surface or manifestation of agglomerates. Furthermore, the
modification of the GF surface is performed through weak phys-
ical interactions leading to a not significant implementation of
the interface chemical bond with the matrix.

A concise summary of all the above-described methods is sche-
matized in Figure 6.

4.4 | Chemical Grafting

As reported in the first chapter, the fiber/epoxy interface plays a
key role in GFRPs because good interfacial properties are neces-
sary to ensure efficient load transfer. In the absence of primary
bonds between these two components, the intermolecular forces
of attraction are London and polar forces or acid-base interac-
tions. These secondary forces lead to the degradation of the me-
chanical properties of the composite under wet conditions because
of the diffusion of water molecules to the interface, which replace
polymer chains. Subsequently, the presence of compatibilizing
agents is essential to improve interfacial adhesion in GFRPs
[153]. Organofunctional silanes are the most widely used coupling
agents in GFRPs. Their effectiveness relies on several factors, such
as the type of silane, the thickness of the silane layer, and the pre-
treatment of the substrate. However, under wet conditions, the
most important aspect is the chemical bonding between the silane
and the constituents of the composite (i.e., glass fibers and epoxy
matrix). A scheme of the formation of a siloxane thin film through
hydrolysis and condensation processes is shown in Scheme 1.

The silane coupling agents hydrolyze to form silanol groups
and some oligomers, which then undergo, through an acid or
base catalysis, condensation with the OH terminal groups on
the glass fiber surface, forming a siloxane bond [154]. At first,
silanes can interact with the GF surface by forming hydrogen
bonds with the available hydroxyl groups (see Scheme 1). This
is typically followed by a condensation reaction that forms silox-
ane bonds anchoring the silanes to the surface. In some cases,
lateral oligomerization may occur without creating direct bonds
to the surface [154]. Regardless of the exact mechanism of silane
grafting, the resulting siloxane layer on the substrate usually
comprises several stacked siloxane layers [155].

Understanding the kinetics and thermodynamics of this process
is crucial for controlling the properties of the resulting modified
surface. Hydrolysis kinetics have been extensively investigated,
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FIGURE 6 | Schematic representation of the coating techniques for GFRPs: (a) dip-coating, (b) doctor blade coating, (c) electrophoretic deposition

(EPD), (d) spray coating, and (e) chemical vapor deposition (CVD).

especially the first hydrolysis step, where the consumption of
alkoxysilanes is normally easy to monitor, since it is assumed
to be an elementary reaction. The first hydrolysis step also con-
trols the overall reaction, because it is the slowest step [156].
Hydrolysis and condensation have their own kinetic parame-
ters, and each step has indefinite numbers of reactions close to
or at equilibrium, due to polymerization and de-polymerization
processes. Mechanisms and rates of the reactions are remark-
ably influenced by several parameters, such as acidic, neutral,
and alkaline media, as well as the presence of catalysts and the
water/silane molar ratio [157].

Specifically, the pH of the silane solution as well as the presence
of surface micro-heterogeneities in GF affect the surface poten-
tial of the substrate, leading to a variation in the orientation of
the adsorbed silane layers [158]. Moreover, the drying conditions
(i.e., temperature and duration) used on the silane-treated GF
also influence the extent of siloxane bond formation, both be-
tween neighboring silane molecules and between the silanes
and the substrate surface [159].

From a thermodynamic perspective, the binding of silane mol-
ecules results in a loss of conformational freedom in the silane
tail, leading to an entropy cost for the system. However, this en-
tropy loss can be offset by the enthalpic gain from ligand binding

to the surface, ultimately contributing to the overall stabiliza-
tion of the system [160, 161].

After the modification of the GF, the bonding of the siloxane
film and the polymer matrix occurs via a combination of inter-
penetration and chemical reactions through hydrogen bonds,
which lead to the generation of polymer/siloxane/glass “inter-
phase” (Figure 7).

According to the Plueddemann model [158], this region is de-
scribed as a monomolecular layer of hydrogen bonds that connect a
rigid polymer and the siloxane network (see highlight in Figure 7).

Three main factors influence this process:

- The chemical reactivity between the functional groups
of the coupling agents and those of the matrix to form
covalent bonds.

— The generation of primary or secondary chemical bonds at
the glass interface.

— The diffusion of the polymer chains into the siloxane “in-
terphase” film to develop a rigid, water-resistant interpen-
etrating polymer network between the GF surface and the
bulk matrix (diffuse interphase).
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The mechanical and chemical properties of the “interphase”
play a crucial role in determining the durability of the compos-
ite material. The breaking and reforming of hydrogen bonds
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minimize stress concentrations at the interface between the
GF and matrix while maintaining molecular contact beneath
the rigid siloxane network [158]. However, temperature varia-
tions, moisture ingression, sunlight exposure, oxidation, micro-
biologic attack, and other environmental elements may lead to
significant alterations of the interphase region, with negative
fallouts on the final performance of the composite structures,
especially in their long-term utilization [6].

In detail, when water penetrates the interphase, it hydrates the
Si—O—Si and Si—O—C bonds. Concurrently, competing self-
condensation reactions of silanol groups can generate various
oligomeric species within the crosslinked siloxane layer [153].
The infiltration of absorbed water molecules occurs along the
fiber/matrix interface and in the presence of cracks or micro-
scopic voids via capillary action and diffusion, giving rise to
several damage mechanisms like matrix cracking, fiber-ma-
trix debonding, and corrosion of fibers (especially in the case
of glass fiber) [162-164]. These, in turn, promote a substantial
reduction in modulus, strength, and ultimate strain [165]. For
instance, Birger et al. reported that graphite fabric/epoxy com-
posites subjected to hydrothermal aging in boiling water for a
relatively short time (46 h) demonstrated substantial reductions
in both shear and tensile strengths [166]. This degradation is pri-
marily attributed to the breakdown of fiber-matrix interfacial
adhesion, resulting in exposed fibers and the formation of sig-
nificant matrix voids.

Temperature-induced damage has been shown to further accel-
erate moisture diffusion in composite materials [167]. Several
studies have investigated the behavior of composites under
hygrothermal conditions under mechanical loading. Ray et al.
reported that symmetric and anti-symmetric GFRP laminates
exposed to a 98% relative humidity environment for 2000h un-
dergo flexural stiffness reductions of 54% and 27%, respectively
[168]. Also, hygrothermal degradation of unidirectional glass
fiber/epoxy composites has been characterized through mois-
ture sorption/desorption experiments and dynamic mechanical
thermal analysis (DMTA). Furthermore, both static and fatigue
strength reductions in carbon fiber/epoxy composites under hy-
grothermal conditioning have been retrieved [168].

These studies point out the delicate action of the silanes at the
GF/matrix interface in influencing the bond strength and the du-
rability of GFRPs. In addition to this role, the functional groups

15-5000 A
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FIGURE 7 | Graphic representations of (a) bonding of siloxane and polymer chains; (b) polymer/siloxane/glass fiber interphase.

2936

Polymer Composites, 2026

85UB017 SUOLILLOD AIT8.D) 3|cfedt|dde au Ag peusencb afe s O '8sn JO s3I 1oy Akeid18U1IUQ AB]1M UO (SUOIIPUOD-PUE-SLUIBIW0D A8 |1 ARIq 1 U IUO//SANY) SUONIPUOD pUe swie | 8y} 88s *[9202/50/T2] Uo Aridiauljug As]im e0001g oue|i Ipms AiseAIN AQ 2e£0. 9d/200T 0T/10p/wod" A3 1M Aelq1jeul juo'suo realjgndsdsty//:sciy Wouy pepeojumod ‘v ‘9202 ‘6950875 T



of organosilane coupling agents represent a “bridge” for anchor-
ing carbonaceous systems, such as CNTs and graphene-based
materials. CNTs and graphene can form covalent or van der
Waals bonds with both GF and the polymer matrix. Moreover,
the surface functionalization of these nanomaterials with re-
active groups may further promote the formation of covalent
bonds with the matrix, thereby improving interfacial adhesion
and avoiding the potential leaching of the conductive coating
when the fabrics are introduced into the polymer matrix.

While several reports in the literature describe the deposition
of MWCNTs via chemical bonding onto the surface of carbon
fibers, exploring their surface morphology and the enhance-
ment of interfacial strength [169-173] far fewer papers deal
with an effective chemical approach for grafting MWCNTs
onto the surface of GF. A convincing approach was proposed
by Tzounis et al. [174], who functionalized single GF with ami-
nopropyltriethoxysilane, yielding amine surface functional-
ities able to covalently interact by amidation reaction with acyl
chloride-modified MWCNTs (MWCNT-COCI) and resulting in
the formation of GF-MWCNTSs. To highlight the role of cova-
lent bonding, the same GF were also immersed in a solution of
carboxylated MWCNTs (MWCNT-COOH), just leading to the
physical adsorption of nanotubes on the fiber surface through
hydrogen bonds or zwitterionic interactions (GF-ad-MWCNTS).
The nature of the bonding significantly impacted the electrical
properties of the hybrid GF, composite interfacial microstruc-
tures, and interfacial adhesion strength. Both modification strat-
egies lead to the generation of conductive filaments; however,
GF-MWCNTs demonstrated an order of magnitude higher elec-
trical conductivity due to the uniform coating of the MWCNT
surface as well as greater durability of the grafted MWCNTs,
which remained attached to the fiber surface after being embed-
ded in the epoxy matrix. This remarkable stability was linked
to the highest interfacial adhesion strength observed in the GF-
g-CNT microcomposites, as determined by single-fiber pull-out
tests (see Figure 8), which revealed an increase of ~48% in the
apparent interfacial shear strength (IFSS) compared to that of
the reference silanized GFs.

A similar approach was exploited by Eskizeybek et al.
[175] to prepare amide-functionalized glass fabrics using

(3-Aminopropyl)triethoxysilane (APTES) which was then re-
acted with carboxylic acid-functionalized CNTs. This process
resulted in the formation of covalent amide linkages between
the carboxylic acid-functionalized CNTs and the amino groups
on the APTES-treated glass fabrics. Multi-scale composites
based on plain woven glass fabric (PWGF)/CNT/epoxy were
then fabricated using vacuum-assisted resin infusion molding.
Tensile and flexural tests were conducted to evaluate the impact
of grafting CNTs onto the PWGF surface on the mechanical
properties of the resulting multi-scale composites. In particular,
pull-out tests revealed that CNTs remained on the fiber surface
after failure. This observation can be directly attributed to the
strong covalent interactions between the CNTs and glass fiber,
which hold them strictly on the surface during pull-out.

Another interesting and simple strategy to graft CNTs onto GF was
suggested more recently by Fang et al. [176, 177]. They improved
the interfacial properties between glass fibers and polyamide 6
(PA) and isotactic polypropylene (iPP) matrices by introducing
polyethyleneimine (PEI) functionalized carboxylic MWCNTSs
onto the surface of glass fibers through aqueous solution mixing
(Figure 9a). PEI-CNT formed a compact and homogeneous net-
work structure on the glass fiber surface via a grafting reaction
to introduce plentiful active functional groups and gain surface
roughness. The network structure is employed to enhance me-
chanical interlocking at the interface, improve the wettability of
glass fibers, and easily form hydrogen bonds with PA6. In partic-
ular, the enhanced interfacial adhesion was proven by interfacial
shear strength (IFSS), which increased by 39.5% compared to that
of iPP mixed with raw GF. The protocol was then extended to GO,
resulting in enhanced strength and toughness of the interfacial re-
gion between the GFs and polymer matrix (Figure 9b).

Similarly to what has been done for CNTs, Chen et al. [178] cova-
lently grafted GO units on GF surface through an amidation reac-
tion between the carboxylic groups of GO and the amino groups of
APTES molecules anchored to the fiber surface (Figure 10a).

The behavior of the obtained hybrid fibers (GO-g-GF) was
compared with that of GF coated with GO obtained via the
electrostatic assembly strategy (GO-c-GF). The short beam
shear method was then used to evaluate the ILSS of the epoxy
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FIGURE 8 | (a) Protocol for the preparation of physically adsorbed and chemically grafted MWCNTSs on GF; (b) IFSS obtained with single-fiber
pull-out tests. Reproduced with permission from [174].
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FIGURE 10 | (a)Protocol for the preparation of GO-g-GF; (b) interlaminar shear strength of GF/epoxy composites. Reproduced with permission

from [178].

composites prepared by enclosing GO-g-GF and GO-c-GF. The
results revealed that the concentration of the GO solutions
used for both grafting and electrostatic adsorption affected the
interfacial properties of the materials. In particular, GO-g-GF
systems reached higher ILSS values than those of the bare
GF and GO-c-GF prepared with a comparable amount of GO
(Figure 10b). These outcomes indicate a remarkable increase in
the interfacial adhesion, which can be ascribed to an enhanced
mechanical interlocking between the GF surface and matrix as a
result of the increased roughness provided by GO grafting.

Hua et al. [179] employed the same mechanism to graft a mix-
ture of CNTs and GO onto GF to create GO/CNT-modified GF.
The two-dimensional GO and one-dimensional CNTs were en-
tangled, with GO serving as the encapsulating component and
CNTs acting as the anchoring element. This combination syner-
gistically improved the properties of the GF composite. The in-
terfacial bond strength of the GO/CNT hybrid coating was 128%
higher than the value predicted by the rule of mixtures, based on

the results of the individual GO and CNT coatings, highlighting
the significant cooperative effect of the hybrid coating in en-
hancing the interfacial bond strength.

In summary, the chemical grafting of CNTs and graphene can be
a viable route to significantly enhance the interfacial properties of
GFRPs, thus contributing not only to the electrical conductivity,
which is essential for SHM, but also imparting superior mechani-
cal performance and improved durability to the composites.

Since they serve as critical feedback for optimizing the process
and identifying the most effective fiber surface modifications, a
brief overview of the main micro (e.g., fiber pull-out, fiber push-
out, and micro-droplet tests) and macro-scale mechanical tests
(e.g., short beam shear tests) characterizing the fiber/matrix
interfacial bonding properties is provided in the next section.
Finally, the principal electrical testing methods, which are es-
sential tools for the precise analysis of self-sensing efficacy, are
concisely described.
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5 | GF/Matrix Interfacial Characterization Tests
5.1 | Preliminary Remarks

Numerous techniques have been developed to characterize the
fiber/matrix interfacial strength, targeting either the individ-
ual fiber (micro-scale testing) or the full laminate (macro-scale
testing), especially in the field of continuous fiber composites.
Nonetheless, the discussion regarding which method is the most
accurate and reliable continues [180].

At the fiber level, relevant methods include fiber mi-
crodebonding, single fiber pull-out, single fiber push-out, and
single-fiber fragmentation [181]. These techniques are advan-
tageous as they isolate the fiber-matrix interaction, enabling
precise measurement of interfacial properties. Although mi-
crodebonding and fiber pull-out are adaptable to various fiber-
matrix combinations, they are constrained by their small scale,
potential unrepresentativeness of specimens, and challenges
in accurately evaluating droplet geometry and size [180]. The
single-fiber fragmentation test offers valuable insights into
the failure process, especially in transparent matrices, but
it necessitates specific matrix properties. The push-out test
facilitates in situ measurement within the actual composite
environment, because the test can be performed on a small
portion of an actual laminate and preparing an ad hoc model
composite is not necessary, though it poses difficulties in ob-
serving the failure mode [182].

At the laminate level, techniques such as short-beam shear
(SBS), Iosipescu shear, and [+45°] tensile tests provide a more
comprehensive evaluation of interfacial properties within the
composite structure, so in a more realistic environment [183].
However, they may be affected by factors beyond the fiber-
matrix interface. The variety of these techniques, each with its
own set of strengths and limitations, highlights the complexity
of characterizing fiber-matrix adhesion, indicating that a thor-
ough approach employing multiple methods may offer the most
robust understanding of interfacial properties in continuous
fiber composites [184].

5.2 | Micromechanical Test

The most common micro mechanical testing methods used to
assess the fiber-matrix interface of fiber reinforced polymers

dx, dF

a b

FIGURE11l | Principles of common micromechanical tests for assessing the fiber-matrix interface: (a) fiber fragmentation test, (b) droplet strip-off

test, (c) single fiber pullout test, and (d) fiber pushout test.

include the fiber fragmentation test, the droplet strip-off (mi-
crobond) test, the single fiber pull-out test, and the single fiber
pushout test. Each of these methods generates predominant
shear stress at the interface, allowing for the calculation of the
interfacial shear strength (IFSS).

In the fiber fragmentation test (Figure 11a), a single fiber is em-
bedded within a bone-shaped tensile test sample made of the
polymer matrix material. During the stretching of the sample,
longitudinal deformation induces shear stresses along the em-
bedded fiber, resulting in axial stresses inside the fiber. Thus, the
fiber fragments into segments. The length distribution of these
segments provides valuable information regarding the “critical
lengt,” which is defined as the length at which the transferred
stress vis the interface is sufficient to exceed the fiber's strength.
This test assumes uniform shear stress along the segments, ne-
glecting stress concentrations at the edges of the segments, as
well as partial debonding and stress transfer due to friction.
The test is applicable to transparent or at least opaque polymers
that exhibit a higher elongation-to-break than the tested fiber.
This poses challenges for investigating matrix polymers such as
epoxy or PEEK. Additionally, the evaluation requires assump-
tions regarding the strength distribution of the embedded fiber
[185-189].

The droplet strip-off test, also referred to as the microbond
test, involves the application of small droplets of the matrix
polymer onto a single fiber (Figure 11b). For improved han-
dling, the fiber is slightly pre-stretched and fixed in a vertical
position. After solidification of the droplets, a pair of knife
edges is employed to strip a droplet along the fiber. The re-
sulting force must overcome a combination of the resistance
of adhesion and friction. The droplet strip-off method offers
advantages such as relatively simple preparation and minimal
material requirements. However, the use of knife edges, in
conjunction with the conical shape of the droplets near the
fiber, may introduce a complex stress field that could alter the
results [190-193].

A variant of the droplet strip-off test is the single fiber pull-out
test (Figure 11c). In this method, a single reinforcing fiber is
partially immersed in a liquid droplet for a specified embed-
ding length. The droplet is typically placed on a fixed support
that can be heated to melt a thermoplastic polymer or cure a
thermoset. After the matrix solidifies, the free end of the em-
bedded fiber is attached to a moving stage equipped with a force
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transducer and is gradually pulled out of the droplet. The single
fiber pullout test provides comprehensive information regard-
ing the fiber-matrix contact and the applied force-displacement
function. Various fiber-matrix combinations can be tested if the
fiber is stiff enough and the matrix material has a low viscosity
enabling the preparation [194-197].

The formerly described methods are primarily designed for test-
ing samples composed of single fibers and a limited amount of
matrix under controlled laboratory conditions. Consequently,
these samples may not accurately represent the conditions ex-
perienced by real-life technical components, which undergo a
processing history, mechanical stresses during their application,
and environmental influences such as temperature fluctuations,
humidity, and radiation.

The single fiber pushout test (Figure 11d) is applicable to
technical real-life fiber reinforced composites. For preparing
test samples, a thin slice is prepared such that the fibers are
oriented normal to the slice surface. Care must be taken to
ensure that the slice is sufficiently thin to facilitate pushout
without causing fiber breakage under pressure. The slice is
positioned over a small groove, allowing the pushed fiber to
move freely in air rather than against a solid resistance. For
the test, a flat cone punch, matching the fiber diameter, is pre-
cisely lowered over a single fiber segment to push it out while
recording force and displacement. The disadvantages are the
time-consuming preparation process for the thin slices and
the complex test device. On the other hand, a single prepara-
tion can provide hundreds of fiber segments ready for testing
[180, 198-201].

5.3 | Macro Mechanical Tests

Macro-mechanical testing methods offer valuable in-
sights into the interfacial properties of fiber-reinforced
composites by evaluating the entire laminate structure.
These tests provide a more realistic assessment of interfa-
cial strength in actual composite applications compared to
micro-scale tests. These tests are designed to induce shear
stress in the laminate, which often causes a failure of the in-
terfacial/interlaminar region. If the failure is adhesive, that
is, deriving from a detachment of the matrix from the fiber,
and not cohesive, that is, deriving from the rupture of either
the matrix or the fibers, then the tests can be directly used to
measure the interfacial shear strength. Otherwise, these tests
provide just an indirect indication of the fiber/matrix adhe-
sion [181].

Three prominent macro-mechanical tests widely used for
characterizing interlaminar, or in-plane shear properties are
the Iosipescu shear test, the +45° tensile test, and the short
beam shear test, which are described in the next sections; al-
though other tests exist such as rail shear or the asymmetric
four-point bending (AFPB). It is worth mentioning that the
evaluation of the fiber/matrix adhesion can also be performed
via the 90° tensile test, where the fibers are oriented perpen-
dicular to the applied load. In this case, if the fracture is adhe-
sive, the maximum load can be used to calculate the interfacial
normal stress [202].

5.3.1 | Iosipescu Shear Test

The Iosipescu shear test, standardized as ASTM D5379/D5379M,
is primarily designed for measuring in-plane shear properties of
materials, such as shear modulus and strength, and utilizes a
specialized fixture to induce a state of pure shear in a notched
specimen. Specimens are typically rectangular, measuring
76.2mm X 19.1 mm X thickness (minimum 2.5mm), with two
90° V-notches at the midpoint of the longitudinal edges, creating
a reduced cross-section area where shear failure is expected to
occur (Figure 12a).

The test employs a specialized fixture with two halves: one
stationary and one movable (Figure 12b). The specimen is po-
sitioned in the fixture such that the notched section is aligned
between the loading points. During testing, the fixture applies
opposing forces, creating a pure shear condition in the region
between the notches. The test is conducted at a constant dis-
placement rate of 2mm/min until failure occurs. Load and dis-
placement are recorded throughout the test, and strain gauges
oriented at +£45° to the loading direction can be attached to the
specimen center to measure shear strain.

The shear strength (7) is calculated as t=P/A, where P is the
maximum applied load (N), and A is the cross-sectional area
between the notches (mm?). The test provides detailed infor-
mation on shear modulus, ultimate shear strength, and shear
stress-strain behavior [202]. If the fracture is adhesive, then the
calculated shear strength can be used to evaluate the (interlam-
inar) fiber/matrix interfacial strength.

5.3.2 | #*45° Tensile Test

The £45° tensile test, standardized under ASTM D3518/D3518M,
measures the in-plane shear properties of composite laminates
using a symmetric laminate with fibers oriented at +45° to the
loading direction. Specimen preparation follows ASTM D3039
guidelines with typical dimensions of 250 mm X 25 mm X thick-
ness, though the lamination sequence specifically consists of an
even number of plies with alternating +45° and —45° orienta-
tions relative to the longitudinal axis (Figure 12c).

The specimen is mounted in a universal testing machine using
appropriate grips, with tabs often bonded to the specimen ends
to prevent grip-induced damage. The test is conducted at a con-
stant crosshead speed; both longitudinal and transverse strains
are measured using strain gauges or extensometers. The applied
tensile load generates shear stresses in the principal material di-
rections (along and perpendicular to the fibers) [203].

The in-plane shear stress (z;,) is calculated as 7, =0,/2, where
o, is the applied axial stress (MPa). The in-plane shear strain
(712) is determined as y;,=¢ ~¢,, where ¢_is the longitudinal
strain and ¢, is the transverse strain [181]. The in-plane shear
modulus G, is calculated as the slope of the shear stress-strain
curve at low strain levels (typically between 0.1% and 0.5% shear
strain), as Gi,=A7,/Ay;,. This test provides valuable informa-
tion about the fiber-matrix interface quality, as shear loading
predominantly stresses this interface and the failure mechanism
is often linked to interfacial failure.
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FIGURE 12 | (a) Specimen for iosipescu test; (b) setup for Iosipescu test; (c) specimen and stress state for +£45° tensile test; (d) specimen and test

setup for short beam shear test. Adapted with permission from [203].

5.3.3 | Short Beam Shear Test

The short beam shear (SBS) test, standardized as ASTM D2344/
D2344M, is the most widely used macro-mechanical test for
assessing interlaminar shear strength due to its simplicity and
efficiency. The test utilizes a three-point bending configuration
with a significantly reduced span-to-thickness ratio (typically
4:1 to 5:1, compared to 16:1 or higher for flexural tests) to pro-
mote interlaminar shear failure rather than tensile or compres-
sive failure (Figure 12d).

Specimen preparation is straightforward, requiring simply a
rectangular beam typically measuring 24mm X 8 mm X thick-
ness, with the thickness dependent on the material being tested
(usually between 2 and 6 mm). For unidirectional composites,
fibers are oriented along the longitudinal direction of the beam.
The specimen is placed on two supporting rollers, and a loading
nose applies force at the midpoint.

The test is conducted at a constant crosshead speed until fail-
ure occurs. Load-displacement data is recorded throughout
the test. The short beam strength, corresponding to the in-
terlaminar shear strength if the failure is in the interlaminar
region, as often occurs, is calculated as ILSS =0.75X P/(w X ),
where P is the maximum load observed (N), w is the specimen
width (mm), and ¢ is the specimen thickness (mm) [181]. The
factor 0.75 is derived from beam theory analysis for the maxi-
mum shear stress in a beam with a rectangular cross-section.
Again, if the failure occurs due to the detachment of the fibers
from the matrix, the ILSS gives an indication of the interfacial
adhesion.

While the SBS test is widely used due to its simplicity, it should
be noted that the state of stress is not pure shear, as flexural
stresses are also present. Additionally, stress concentrations at
loading points can influence results. Despite these limitations,
the test provides a practical and efficient method for compara-
tive assessment of interlaminar shear strength, particularly use-
ful for quality control and process optimization [203].

Table 2 reports a review of the recent progress in the ILSS
improvement of GFRPs after the incorporation of conductive
nanofillers through different modification methods. In gen-
eral, CNTs and graphene oxide significantly enhance the in-
terfacial properties of epoxy composites due to their increased
surface area, improved chemical bonding, and effective stress
transfer.

Although referring to different systems, the available results
support the validity of the chemical grafting in providing a re-
markable improvement of the ILSS of GFRPs.

6 | Electrical Test for the SHM Assessment and
Damage Analysis

6.1 | Preliminary Remarks

Electrical health monitoring exploits anisotropic conductivity in
Carbon Fiber Reinforced Polymers (CFRPs) and nanomodified
GFRPs to detect and quantify various damage modes. It is well
established that the initial phases of static and fatigue loading
in multidirectional laminates composed of unidirectional (UD)
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TABLE 2 | A summary of ILSS enhancement in GFRPs with CNTs and GO.

Material (filler/fiber/matrix) Modification method Improvement ILSS (%) References
CNTs-NH,/glass/epoxy Matrix modification via mixing 20 [204]
MWCNTs/glass/epoxy Fiber modification via spray coating 26.7 [205]
CNTs/glass/epoxy Fiber modification via grafting with CVD 23.9 [74]
MWCNTs/glass/epoxy Fiber modification via dip-coating 25.2 [206]
CNTs/glass/epoxy Fiber modification via EPD 42 [207]
CNTs/glass/epoxy Fiber modification via chemical grafting 431 [208]
CNTs/glass/epoxy Fiber modification via chemical grafting 21.6 [209]
GO/glass/epoxy Matrix modification via mixing 32.7 [210]
rGO/glass/epoxy Fiber modification via spray coating 10.7 [152]
GO/glass/epoxy Fiber modification via EPD 15 [136]
GO/glass/epoxy Fiber modification via chemical grafting 41.2 [178]

plies are marked by the initiation and growth of cracks within
the off-axis plies. The transverse crack density increases pro-
gressively either with the applied static load level or with the
number of loading cycles. This leads to a degradation of the
overall elastic properties and facilitates the onset of additional
damage mechanisms such as delamination and fiber breakage.

Within this scenario, it is evident that reliable methods for the
health monitoring of composite materials are essential, and among
the possible strategies to be used, the Electrical Health monitoring
offers significant advantages, being a cheap and sensorless method.
The concept of electrical health monitoring (EHM) via carbon-fiber
conductivity traces back to Schulte and Baron [211], who first cor-
related load-dependent conductivity with strain and fiber damage.

Several subsequent works further extended Schulte's pioneering
investigations; scrutinized the monitoring of delamination and
matrix cracking under various loads [212-222]. In CNT-doped
epoxy nanocomposites, propagating cracks disrupt conductive
pathways, increasing resistivity proportionally to crack length
(see Ref. [223] for more details).

Differently, in CFRPs, high along-fiber conductivity yields ex-
cellent sensitivity to fiber failure and delamination; for example,
in Ref. [224] up to 30% resistance increase was noted in DCB
tests. Differently, matrix cracks evoke modest changes (~0.4%)
in the electrical resistance of composite specimens [214, 216],
even if incorporating conductive nanoparticles could improve
transverse conductivity and overall damage sensitivity [225].

In the case of insulating glass fibers, CNT or carbon-black
doped matrices form 3D conductive networks that detect ma-
trix cracks and delamination detection [204, 226-238]; though
dispersion and viscosity pose manufacturing challenges. CNT
coatings applied via CVD, EPD, dip-coating, or sizing enhance
conductivity by orders of magnitude compared to bulk doping
[174, 235, 239-242] and allow to effectively sense fiber breakage
and delamination [243, 244].

Within this context, it is also worth mentioning that reliable
EHM also demands proper electrode techniques (four-probe
methods are usually used to minimize contact resistances) and
meticulous surface preparation (such as superficial resin re-
moval in CFRPs) [224, 245-255].

6.2 | Electrical Health Monitoring of CFRPs

Focusing the attention on Carbon Fiber Reinforced Polymers,
early studies confirmed that off-axis matrix cracks incrementally
raise the composite's electrical bulk resistance [216, 256-261]
(Figure 13).

For example, in stepped tensile experiments on [0/90/0] lami-
nates, load-unload sequences produced increasing residual
AR/R correlated with rising crack density [216]; during these
tests, optical replica analysis showed crack initiation at ~0.3%
strain, matching the onset of AR/R, growth, though peak resis-
tance changes remained below 0.5% due to dominant in-plane
conduction paths [216].

Delamination is another important damage event in compos-
ite materials, interrupting through-the-thickness current paths
sharply. Initial demonstrations on [0/90] cross-ply specimens by
Wang and Chung [50] and Irving and Thiagarajan [256] showed
irreversible resistance jumps concurrent with delamination
propagation [213, 262-265].

Eventually, fiber breakage, often triggered where transverse
cracks intersect load-bearing plies or where fibers bridge cracks,
significantly alters the conductive network [212]. Saw-cut tests
on uncycled [0] laminates verified that severing fibers propor-
tionally increases resistivity, moderated by inter-fiber contacts
[211, 221]. During static tension, resistivity varies linearly with
strain (as R=pL/A) until ~0.7% strain, where micro-failures
emerge; then exhibit stepwise jumps beyond ~1.2% strain corre-
sponding to catastrophic fiber fracture [211].
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FIGURE 13 | Resistance, displacement, and delamination length
versus time during Mode-I DCB testing on CFRP. Adapted with per-
mission from [262].

6.3 | Electrical Health Monitoring
of Nanomodified GFRPs

As mentioned in the previous sections, in the case of Glass Fiber
Reinforced Polymers, the conductivity properties needed to
carry out electrical HM are obtained either by doping the poly-
mer matrix or the glass fibers surface (CNT fiber coatings).

In the case of CNT-doped matrix GF laminates, microcrack-
ing yields gradual resistance rise, while delamination triggers
abrupt jumps [234, 235]. Stepped tensile tests on CNT/epoxy
glass laminates detected irreversible AR/R of ~0.02% for resid-
ual strains as low as 0.05% [234]. Comparative tests demonstrate
that matrix nanomodification achieves greater AR/R,, sensitiv-
ity than fiber coating [266, 267].

6.4 | Brief Hints on Models for Resistivity
Prediction in Nanomodified Epoxy Laminates

Based on the aforementioned studies, the methodology rely-
ing on electrical measurements appears to be a promising ap-
proach for detecting the initiation and progression of cracks in
both CFRPs and GFRPs. However, the successful application of
these methods for health monitoring of composite parts requires
the development of models that can reliably predict the damage
state based on resistance measurements.

In this perspective, a deeper understanding of the key material
and geometric parameters influencing the phenomenon, as well
as accurate quantification of their effects, is needed. Among
the limited numbers of analytical methods reported in the lit-
erature, a relevant example is the orthotropic electric potential
function approach developed by Todoroki [268], which is based
on a formal analogy with the field equations governing fluid
flow. Initially formulated for an infinite plate, this method was
later employed by the same author to investigate changes in elec-
trical voltage caused by delamination in CFRP [269-271].

A completely different analytical method to predict the electri-
cal response of a typical CFRP composite in an epoxy matrix

nanomodified with CNTs and with a delamination was recently
proposed by Zappalorto et al. [224]. This strategy involves the
discretization of the laminate through its thickness into a defi-
nite number of “fictitious” sublayers, within which the electri-
cal potential is approximated using a polynomial function. By
applying the fundamental equations governing the electric field
and incorporating appropriate boundary conditions, analyti-
cal expressions for the current densities can be derived. This,
in turn, enables the analytical evaluation of the electric poten-
tial drop between any two arbitrary points in the delaminated
laminate. The method was applied to a Double Cantilever Beam
(DCB) specimen to calculate the electric potential of a point
on the laminate surface and to evaluate its modification along
the delamination length. The accuracy of the theoretical pre-
dictions was validated through several finite element analyses,
which demonstrated excellent agreement with the experimental
results.

The same strategy was extended by the authors to generic
multidirectional laminates with delamination cracks, includ-
ing generic off-axis angles for all the plies [262]. The analyti-
cal solution was initially validated using results from a series
of Finite Element (FE) analyses conducted on multidirectional
laminates with varying delamination lengths. The effects of
laminate layup and material electrical properties were investi-
gated, revealing that multidirectional laminates exhibit greater
sensitivity to delamination compared to unidirectional ones.
An experimental campaign was successively carried out on
both unidirectional and multidirectional DCB specimens, mea-
suring the delamination length and the electrical resistance
change, revealing a clear correlation between these two prop-
erties. The experimental results were subsequently compared
with the analytical predictions, showing very good agreement,
demonstrating the effectiveness of electrical measurements for
monitoring delamination, in particular in CNT-modified glass
fiber-reinforced laminates [242]. More recently, a general ana-
lytical model for correlating the bond line crack length to the
joint electrical response was developed and applied also on
CNT-modified GFRP laminates and CFRP [272]. The model was
validated through FE analyses and experimental tests, which
revealed a satisfactory accuracy level on single lap joints made
of Al adherends and a conductive epoxy adhesive. Conversely,
a lower sensitivity to the damage presence was attained for car-
bon/epoxy composites. This was attributed to the non-ideal in-
sulating properties of the crack faces, caused by fiber bridging
and crack propagation occurring both along the interface and
within the adherends. To address this, the model was refined
to include a residual crack face conductivity, represented by a
single parameter (¢). This modification allowed the formulation
of a revised procedure for implementing the EHM in laminate
bonded joints. The proposed methodology was subsequently
validated against a benchmark case, confirming its reliability
in accurately correlating electrical measurements with the stiff-
ness degradation of the joint.

In summary, the possibility of developing analytical models that
link damage extent to electrical measurements in components
is essential, since it would not only enhance the effectiveness of
health monitoring in composite parts but also aid in designing
optimal material solutions for specific applications.
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7 | Conclusions and Perspectives

The present review aims at supplying a summary of the most
recent advancements for the surface modification of GF with
carbon-based electrically conductive filler, with the ambition to
provide some methodological hints for a more profitable design
of GFRP systems for SHM solutions with enhanced sensing effi-
ciency and remarkable mechanical features simultaneously.

The portrait drawn from the literature survey reveals that such
attempts in the surface modification of GF and filler must ad-
dress two key challenges: preventing the physical detachment of
rGO and CNT networks from the fiber surface and ensuring an
easy scale-up of GFRP production to maintain cost-effectiveness,
sustainability, and performance.

In light of these observations, physical methods offer the sig-
nificant advantage of scalability, but they entail the stringent
and not so easy prerequisite of providing suitable conditions for
carbon fillers dispersion and percolation in the epoxy matrices,
essential requirements upon deposition for imparting the elec-
trical conductivity to the GFRP component. Conversely, chemi-
cal grafting of CNTs and rGO directly on GF stands out as much
more promising, thanks to the ability to finely control the hy-
brid interface through customizable surface functionalization.
This approach, on the one hand, enhances adhesion properties
by effectively preventing filler leaching; on the other hand, it
promotes a uniform distribution and dispersion of carbon-based
fillers, which is essential for the formation of a conductive net-
work crucial to self-sensing functionality. Nevertheless, scaling
up this strategy remains challenging due to several practical
limitations.

Within the debate regarding the best method to employ, we may
propose some compromise strategies, which combine the ad-
vantages of both physical and chemical methods. For example,
the use of ceramic materials (e.g., silica, aluminum oxide) could
serve as carriers for carbon-based fillers within the epoxy resin
and promote interaction with the glass fiber surface. In fact,
ceramic particles can be readily functionalized with CNTs and
rGO units through well-established chemical grafting methods;
subsequently, they can be incorporated into the epoxy resin,
which can then be applied to glass fibers using physical tech-
niques such as spray coating or dip coating.

Another valuable possibility is to exploit dual surface function-
alization techniques: an initial modification of GF with ceramic
nanoparticles to enrich their surface with suitable anchoring
groups (e.g., —OH), followed by silanization of the modified fi-
bers to facilitate the grafting of rGO and CNTs. Both these strat-
egies are currently under investigation within our group.

As concerns the tests for the evaluation of the fiber/matrix in-
terfacial adhesion of the composites, some critical observations
must be made. Micro-scale techniques, such as the single fiber
pull-out and microdroplet tests, exhibit high sensitivity and en-
able a direct assessment of the interfacial properties. However,
experimental procedures can be difficult and may produce in-
consistent results. In contrast, macro-scale methods like SBS
test offer more scalable, standardized, and reproducible results

but lack in terms of sensitivity at the micro-scale in describing
the interface. Therefore, a comprehensive overview of material
characteristics requires a complementary characterization ap-
proach at both micro and macro scales.

Finally, as evidenced in the text, while electrical health moni-
toring (EHM) in CFRP systems is more straightforward owing
to the along-fiber high conductivity, which yields excellent sen-
sitivity to fiber failure and delamination, for GFRPs, it is tightly
connected to the modification of GF with conductive filler.

In general, proper electrode techniques (four-probe methods are
usually used to minimize contact resistances) and meticulous
surface preparation (such as superficial resin removal in CFRPs)
are essential for reliable measurements.
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