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Abstract: In this work, a novel nanomaterial deposition technique involving the triboelectrification
(TE) of glass fibers (GF) to create attractive charges on their surface was investigated. Through TE,
continuous GF were positively charged thus, attracting negatively charged graphene oxide (GO)
nanoparticles dispersed in a solution. The electrical charges on the glass fibers surface increased
with the intensity of the TE process. The deposited GO coating was then chemically treated to obtain
reduced graphene oxide (rGO) on the surface of GFs. The amount of coating obtained increased
with the GO solution concentration used during the deposition process, as revealed by FESEM
analysis. However, the same increment could not be noticed as a function of the intensity of the
process. Both uncoated and coated GF were used to obtain single fiber microcomposites by using
a bicomponent epoxy matrix. The fiber/matrix interfacial shear strength was evaluated through
micro debonding tests, which revealed an increment of fiber/matrix adhesion up to 45% for rGO
coated GF in comparison to the uncoated ones. A slight improvement in the electrical conductivity of
rGO coated fibers through TE compared to conventional dip coating was also observed in terms of
volumetric resistivity by a four-point probe setup.

Keywords: graphene; glass fibers; triboelectrification; coating; interfacial adhesion

1. Introduction

Fiber-reinforced polymer composites, providing high strength-to-weight as well
as stiffness-to-weight ratios, have substituted metal counterparts in an array of high-
performance structural applications in aerospace, automotive, and sports fields [1]. Their
increasing importance in structural components naturally requires improved mechani-
cal performances.

Generally, a typical composite structure consists of a continuous phase (i.e., the
matrix) whose purpose is to transfer the applied load to the fibers and/or filler (reinforcing
phase). The efficiency of the load transfer from the polymer matrix to the reinforcing fibers
markedly dictates their final mechanical properties. Therefore, the possibilities to tailor
the interfacial properties between the fiber and the matrix are thoroughly investigated [2].
Between the matrix and the reinforcing phases, an intermediate region named interphase is
found. It is well established that the load transfer capability of the interphase in composites
depends on the fiber/matrix adhesion, which may be based on either physical (frictional)
or chemical interactions between the composite constituents (intermolecular interactions,
phase separation phenomena, chemical reactions, surface-induced crystallizations, etc.).
Chemical interactions are generally considered to be of primary importance in polymer
composites but, in some cases, frictional forces have also been considered to play an
important role in the enhancement of interfacial adhesion [2]. The common methods
reported in the past for interface engineering to improve the interfacial adhesion can be
generally classified in (i) interphase tailoring via sizing/coating on the fibers, (ii) creation of
hierarchical fibers by nanostructures, (iii) fiber surface modifications by polymer deposition
and (iv) matrix modifications with effects on the interphase formation.
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Interphase tailoring by sizing or coating by nanofillers (like carbon nanotubes and
graphene) on reinforcing fibers (glass or carbon) has been approached through various
techniques, like spraying [3–7], solution coating [8,9], dip coating [10–16], electrophoretic
deposition (EPD) [17–21], and immersion [22,23]. These methods allow the nanofillers to
“anchor” on the fiber surface due to the chemical reactions between the functionalized
nanofillers and the fiber’s surface groups. In addition, it increases the local modulus of the
interphase, along with its shear strength [2]. Moreover, such modifications may introduce
multifunctional properties in the laminates, depending on the nanofiller type [24–26].
Most of the nanofiller deposition methods reported above require a tedious and energy-
consuming setup. For example, in the case of spraying, special air brushes and high
air pressures are required to deposit nanofillers with high dispersibility. It is reported
that during this process, agglomeration of nanofiller in the air brush results in a non-
uniform deposition of nanofiller on the substrate [3]. Moreover, EPD is based on a setup
involving DC current source and particular electrodes to carry out the deposition [27]. The
effectiveness of dip coating or immersion, on the other hand, depends either on the quality
of the dispersion used to deposit the nanofiller and on the substrate’s surface energy, since
no energy is used to “force” the nanofiller towards the substrate.

In very recent years, graphene has become a potential candidate for fiber coating
since a limited filler content is required to provide excellent improvement of interlaminar
properties [28]. This permits almost no degradation of the laminate’s in-plane properties.
Since its advent in 2004 [29], graphene has received unprecedented attention from the
scientific community. Graphene, a single-layer carbon sheet with a hexagonal structure,
possesses a remarkable array of properties, such as a high Young’s modulus (~1 TPa) [30],
large theoretical specific surface area (2630 m2 g−1) [31], high carrier mobility at room
temperature (~10,000 cm2/V·s) [29], good optical transparency (~97.7%) [32] and excellent
thermal conductivity (3000–5000 Wm−1K−1) [33]. Motivated by its unique and extraor-
dinary properties, scientists around the world are constantly trying to exploit the full
advantages of graphene in combination with various polymer matrices. However, the full
technical exploitation of graphene in engineering applications is still a challenge.

Interestingly, triboelectrification (TE), involving the generation of charges on the fiber
surface, has never been investigated as a technique for fiber coating with nanofillers. TE is
also known as contact electrification (CE), which technically means the creation of charges
due to physical contact between (at least) two surfaces. Briefly, TE is a tribological process
involving two dissimilar materials that, when come in contact or are rubbed with each
other, creates an electrical charge on their surfaces. Under given contact conditions, the
magnitude and type of charges depend on the specific triboelectrification behavior of the
materials in contact. This is summarized in the form of the so-called triboelectric series,
which rank different materials according to their “tendency” to gain or lose electrons
during the process [34]. Separation or delivery of charges between the surfaces could be
influenced by mechanical friction [35]. TE is often considered a negative phenomenon
since it can result in dangerous electrical discharges, friction, energy losses, blending in
pharmaceutical processes, etc. In the modern age, however, some applications of TE have
been developed, e.g., xerography [36], laser printing [37], electrostatic separations [38],
electrostatic [39] or triboelectric nanogenerators [40,41].

According to the conventional triboelectric series [34], glass is found on the top of
the list, while polytetrafluoroethylene (PTFE) is at the bottom of the series. Rubbing or
even touching these two materials results in a high charge transfer on both of them. On the
basis of this natural phenomenon, in this manuscript, an innovative method is proposed to
deposit graphene oxide (GO) nanosheets dispersed in a water solution onto glass fibers (GF)
surface by contact electrification with PTFE. In particular, a glass fiber roving was passed at
different velocities over one or two PTFE surfaces, and the amount of charge developed by
CE on GF was analyzed. In another step, such triboelectrified fibers were passed through
GO solutions at different concentrations. Next, GO coatings were chemically reduced to
create rGO coated GF. Such coating, having an electrically conductive nature, could provide



Appl. Sci. 2021, 11, 3123 3 of 12

the possibility to achieve multi-functionality in composite materials. The morphological
and electrical properties of the coated GF were analyzed to evaluate the quality of the
coating. In particular, the influence of graphene-coated GF on the interfacial properties of
epoxy/glass composites was investigated by the micro debonding test.

2. Experimental Part
2.1. Materials

PPG 2001 E-glass fibers (bundle of 2400 tex), provided by PPG Industries Fiber Glass,
were used as a substrate for the TE based coating process. The fibers, having a density of about
2.5 g/cm3 (measured with a helium pycnometer) and an average diameter of 24.5 ± 1.9 µm,
had a multi-compatible sizing agent and were used as received. Mechanical tests on single
fibers (not reported for brevity) revealed a Young’s modulus of 75.3 GPa, a Weibull scale
parameter of 2188 MPa (at 30 mm length) and a Weibull shape parameter of 2.5.

A graphene oxide (GO) solution provided by Graphenea (San Sebastián, Spain), with
a concentration of 4 mg/mL of GO in water, was used as a source of GO nanosheets. By
diluting this solution using deionized water, GO solutions at three different concentrations
(0.005, 0.05, and 0.1 wt%) were produced. These solutions were ultrasonicated for 30 min
at room temperature using a Labsonic LBS1 ultrasonic water bath (FALC Instruments S.r.l.,
Bergamo, Italy). In this way, a homogeneous dispersion of GO in water was achieved.
A bicomponent epoxy was used as a polymer matrix for micro debonding tests. The
epoxy system consisted of an epoxy base (EC157.1) and an aminic hardener (W342), both
provided by Elantas Italia S.r.l. (Collecchio, Italy). These two components were mixed
at a ratio of 100:30 and cured for 24 h at room temperature followed by 15 h at 60 ◦C,
as indicated by the producer’s data sheet. Differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) on the cured epoxy system (not reported for brevity)
evidenced a glass transition temperature (Tg) equal to 83.8 ◦C and a thermal degradation
temperature (evaluated as the maximum mass loss rate) of 352 ◦C.

2.2. Samples Preparation

A schematic description of the lab-made setup for the TE of glass fibers is represented
in Figure 1. The system is composed of two fibers winding systems, the first containing the
wounded fibers (W1), while the second drew the fibers with the help of an electrical motor
(W2). The device is composed of a vertical insulating wood panel containing two grounded
steel electrodes (E1), two PTFE wheels (P1 and P2) mounted in the center, and two other
steel electrodes (E2) connected to a Keithley 6517A electrometer/high resistance meter
(Tektronix Inc., Beaverton, OR, USA). The electrometer was controlled with a MATLAB
program for real-time acquisition of the surface charge on GFs as a function of the fibers
scrolling time. All the system (except the electrometer) was placed inside a grounded
Faraday’s cage. Initially, the TE process of GF involved the scrolling of fibers from W1 to
E1. The placement of the two electrodes in E1 allowed both sides of the fibers to touch the
electrodes to discharge the as-received fibers from any pre-existing electrification. Then,
for the analysis of the TE process, the discharged fibers followed three different paths. For
the analysis of discharged fibers only (0T), the fibers passed over E2 electrodes for charge
measurement, while for the TE of fibers by one PTFE (1T), GF passed over P1 only and
then passed over E2 electrodes for charge measurement. For the CE by two PTFE (2T), GF
passed over P2 and P1 before passing over E2 electrodes for charge measurement.
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Figure 1. Schematic representation of lab-made setup for the triboelectrification of glass fibers and
charge measurements tests.

The 0T path was useful to evaluate pre-existing electrification phenomena on the
fibers. The 1T path was used to evaluate the contact electrification effect on fibers using
one PTFE contact, while the 2T path was useful to understand if there is an effect on the
electrification level by an increased number of contact points between fibers and PTFE. The
temperature and humidity values inside the cage were registered during the tests since
they can influence the charge measurement. In literature, it is reported that, for having a
reliable charge measurement, the recommended temperature should be around 23 ◦C with
an optimal humidity between 20% to 25% [42]. The whole TE process was performed at
three different scrolling velocities (0.61 cm/s, 1.19 cm/s, and 4.05 cm/s) to evaluate their
effect on the surface charge development.

For the TE based deposition of GO, the same setup was used, with the difference being
that the fibers did not pass over the second set of electrodes, E2, but they passed through
a graphene oxide bath after following paths 1T or 2T, as reported in Figure 2. Electrified
coated fibers were then compared with non-electrified fibers (NEF), whose GO coating was
obtained by manually dipping the discharged fibers in a GO bath. After the deposition,
all the coated fibers were dried in an oven for at least 12 h at 50 ◦C under vacuum. The
chemical reduction of GO-coated glass fibers was performed by exposing them at 100 ◦C
in a hydrazine hydrate-rich environment for 24 h [28].

Figure 2. Schematic representation of the triboelectrification deposition process of graphene oxide on
glass fibers.

The list of the produced GO and rGO coated glass fibers, together with their des-
ignation, is reported in Table 1. The first number represents the initial graphene oxide
concentration, then the coating type (GO or rGO) and the electrification process is reported.
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Table 1. Uncoated and coated fibers designation.

Sample Name Graphene Oxide
Concentration (%) Electrification Process

GF * - -
0.005 GO NEF/0.005 rGO NEF 0.005 NEF
0.005 GO 1T/0.005 rGO 1T 0.005 1T
0.005 GO 2T/0.005 rGO 2T 0.005 2T
0.05 GO NEF/0.05 rGO NEF 0.05 NEF
0.05 GO 1T/0.05 rGO 1T 0.05 1T
0.05 GO 2T/0.05 rGO 2T 0.05 2T
0.1 GO NEF/0.1 rGO NEF 0.1 NEF
0.1 GO 1T/0.1 rGO 1T 0.1 1T
0.1 GO T/0.1 rGO T 0.1 2T

* Glass fibers neither triboelectrified nor coated with graphene oxide.

2.3. Experimental Techniques

The morphological analyses of received GFs and rGO coated glass fibers were per-
formed by field emission scanning electron microscopy (FESEM) using a Zeiss Supra 40
microscope (Berlin, Germany). Prior to this analysis, the samples were coated by a Pt/Pd
alloy coating (80:20) to make them conductive.

Epoxy microdroplets (having an average length of 477.1 ± 62.5 µm) were deposited
onto single fiber filaments of as received GFs and rGO coated fibers glued on a paper frame.
The size of microdroplets was measured by a Nikon SMZ25 optical microscope equipped
with a Nikon DS-Fi2 digital camera. The deposited epoxy microdroplets were left at room
temperature for 24 h, then cured at 60 ◦C for 15 h. Micro debonding tests were conducted at
a crosshead speed of 1 mm/min by an Instron® 4502 universal testing machine (Norwood,
MA, USA), equipped with a 2.5 N load cell. During these tests, the paper tab attached
to one end of the glass fiber was slowly pulled up, while the droplet was constrained by
a shearing plate fixed on a stationary support. The interfacial shear strength (IFSS) was
calculated according to Equation (1):

IFSS =
Fmax

πdL
(1)

where Fmax is the maximum load detected from the load-displacement curve, d is the fiber
diameter, and L is the length of the microdroplet.

The volumetric resistivity of rGO coated glass fibers was evaluated by using a four-
point probe setup according to Equation (2):

ρV =
V × w × t

I × L
(2)

where V is the measured voltage, w and t are the width and thickness of the samples, I is
the measured current, and L is a fixed distance.

3. Results and Discussion

The physical appearances of glass fibers coated by the TE method are compared in
Figure 3a–c. GO-coated fibers showed a light brown color, while rGO coated glass fibers
assumed a darker color due to the chemical reduction process [43]. The darkening effect
could be better seen on GF-coated fibers with higher GO concentrations, probably because
of the higher amount of deposited nanomaterial. Apparently, the effect of triboelectrifica-
tion of GF on the GO deposition is not so evident, as NEF, 1T, and 2T specimens obtained
with the same GO concentration have a similar optical appearance.
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Figure 3. Representative images of (a) 0.005 GO/rGO, (b) 0.05 GO/rGO, (c) 0.1 GO/rGO fibers (NEF, 1T, 2T).

The amount of electrical charges accumulated onto the glass within 100 s of 0T, 1T,
and 2T paths is summarized in Figure 4. For these preliminary charge measurements, the
scrolling velocity was chosen arbitrarily equal to 2.8 rpm. The GF that followed the path,
0T, showed a partially negative pre-existing surface electrification owing to the rubbing
of fibers with other materials during their storage. The grounded electrodes allowed the
fibers to be partially discharged. The use of efficiently grounded electrodes could be a
valid possibility for improving the discharging of the fibers. Nevertheless, a completely
discharged GF surface was not strictly necessary since the curve obtained from the 0T path
accounted for the charge background. This was eventually subtracted from the curves
obtained from 1T and 2T paths, allowing us to detect the neat triboelectrification effect on
the GF surface. GF, as expected, assumed a positive surface charge when rubbed against
the PTFE wheels, thus indicating that an effective triboelectrification process occurred.
The increased number of contact points given by the contact with the second PTFE wheel
allowed a furthermore intense surface charge electrification.

Figure 4. GF electrification curves obtained from 0T, 1T, and 2T paths at a scrolling velocity equal to
2.8 rpm.
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In Figure 5, the GF surface charge electrification curves obtained at three different
scrolling velocities (i.e., 0.61 cm/s, 1.19 cm/s, and 4.05 cm/s), and following 1T path
are reported. It can be seen that the higher the scrolling velocity, the greater the contact
electrification. High scrolling velocity results in low contact time between fibers and PTFE
wheels and thus in a high contact frequency. This means that the fibers were not discharged
in air before being analyzed by the electrometer. Moreover, a high scrolling velocity induced
an elevated contact pressure between the fibers and PTFE since the motor applied a higher
tension on the fibers. High contact frequency and tension allowed to have a higher contact
efficiency and thus a higher triboelectrification effect. However, an excessive scrolling
velocity led to an unstable charge measurement due to the limitations on the maximum
amount of charge measurable by the electrometer used (±2 µC). In fact, the curve obtained
at the highest velocity (18.4 rpm) showed a rapid increment of the surface electrification up
to 40 s, then the electrification stabilized showing a plateau approaching 2 µC. At about
80 s the measurement stopped since the detectable charge limit was reached. Thus, for the
coating process, a scrolling velocity equal to 5.4 rpm was selected since it represented a
good compromise between the intensity of the surface electrification and the requirement
to minimize the force applied on the fibers to preserve their mechanical properties.

Figure 5. GF electrification curves at different scrolling velocities obtained following 1T path.

In Figure 6, a SEM image of a pristine GF specimen is shown. The surface appears to
be smooth with no substantial defects except for the presence of the sizing agent since the
GF was used without any pretreatment.

Figure 6. SEM image of GF.

The surface morphology of the fibers after the rGO deposition as a function of CE
intensity and the GO solution concentration can be evaluated in Figure 7. It can be seen
that for all GO solutions, the rGO nanosheets appear to be more homogeneously attached
to the GF by increasing the intensity of the TE process (i.e., moving from NEF to 1T or 2T).
This is due to the creation of an increasing amount of positive charges on the GF surface by
TE, which electrostatically attracted the negatively charged graphene sheets on the fibers.
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Qualitatively, SEM images confirm the increase of rGO deposition with the concentration
of the GO solution. The same conclusions cannot be drawn considering the intensity of
the TE process, since the difference of the rGO amount deposited passing from NEF to
2T is too small to be detected by SEM analysis. Further quantitative investigations, for
example by using friction force microscopy (FFM) [27,44], could give more information
on the effective quantity of the nanomaterial deposited upon the electrification. It can be,
however, deduced that a physical interaction between GO nanosheets with charged GF
takes place due to the creation of attractive surface charges on the latter. At a general level,
it can be stated that the obtained homogeneity level of the deposited nanomaterial is a
promising indication of an efficient deposition method.

Figure 7. SEM images of rGO coated samples with varying graphene oxide (GO) concentrations and electrification process.

Representative load–displacement curves obtained from microdebonding tests on
rGO coated glass fibers characterized by 2T electrification are reported in Figure 8 and
compared with those of the uncoated GF sample. For each specimen, the obtained values
of the pull-out force (Fmax) were used for the calculation of the interfacial shear strength
(IFSS), as indicated in Equation (1).

Figure 8. Comparison of load–displacement curves from microdebonding tests of uncoated GF and
rGO coated GF, with electrification 2T.
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A comparison of the average IFSS values of uncoated and rGO coated GF is shown in
Figure 9. A decrease of IFSS values is observed by increasing the GO content in the solution,
while a considerable increment of IFSS values from NEF to 2T can be registered in the case
of 0.005 rGO coated fibers (+45% with respect to GF). It can be deduced that the TE-based
coating under 2T conditions from the GO solution at the lowest concentration lead to the
creation of an optimized rGO interphase that favored an enhancement of fiber/matrix
interfacial adhesion. The positive effect of the electrification could be connected to the
fact that the electrification promoted good compaction of the deposited coating since the
GO sheets are electrostatically attracted by the opposite surface charges of the fibers. This
may result in a lower relative sliding of the rGO sheets, thus favoring the adhesion of
the matrix on the coated fibers. This compaction is probably partially lost, increasing the
amount of nanomaterial deposited thus allowing an easier sliding between nanosheets and
a decrease of the matrix/fiber adhesion. However, further analyses should be made to
confirm this hypothesis.

Figure 9. Comparison of interfacial shear strength (IFSS) values obtained from micro debonding tests
on uncoated and rGO coated GF.

All rGO coated glass fibers were subjected to surface electrical resistivity measure-
ments to evaluate the extent of the reduction of GO to rGO, and electrical resistivity values
are reported in Figure 10. As expected, the presence of the conductive rGO layer on the
fibers imparted electrical conductivity to the insulating GF, thus demonstrating the validity
of the deposition method. However, this is true only for the fibers coated with an elevated
GO concentration, i.e., 0.05 and 0.1 rGO coated glass fibers. In the case of 0.005 rGO coated
glass fibers, the resistivity measurement was not possible. An explanation could be that,
for this sample, the percolation limit, i.e., the formation of a continuous network of reduced
graphene oxide on the fiber surface, was not reached, and therefore electrical conductivity
is too low to be measured. For 0.05 and 0.1 rGO coated GF, the electrical resistivity showed
lower values in the case of 0.1 rGO coated glass fibers. Having such fibers resistivity values
much lower than glass, the successful reduction of GO to rGO is confirmed. However,
the TE process does not significantly affect the resistivity values of rGO coated fibers.
This suggests that the TE process for graphene coating does not significantly increase the
amount of GO coating, rather than it only improves the quality of the coatings produced.



Appl. Sci. 2021, 11, 3123 10 of 12

Figure 10. Electrical resistivity values of rGO coated fibers.

4. Conclusions

For the first time, triboelectrification was proposed as a viable method for the depo-
sition of charged nanoparticles onto continuous glass fibers. The GF roving was rubbed
against PTFE surface to generate surface charges by contact electrification. As per the
triboelectric series, positive charges were created on the GF, and these naturally attracted
negatively charged GO in an aqueous dispersion. It was found that the electrical charge on
the GF surface increased with the intensity of the TE process. GO coating on GF was then
chemically reduced to produce rGO coated GF. FESEM analysis confirmed the presence of
the coating of rGO on GF, as the TE process forced the rGO sheets to completely adhere
onto the GF surface. Micro composites were created by depositing epoxy drops on both
uncoated and coated GF. The micro debonding tests highlighted an enhancement of the
fiber/matrix interfacial shear strength of 45% in the case of rGO coated fibers in comparison
to the uncoated ones. Moreover, electrical resistivity values significantly decreased to the
presence of a continuous rGO coating onto the GF surface.
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