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ABSTRACT: In this article, an easy, effective, and eco-friendly method to improve the mechanical performance of glass fiber-reinforced
polymer composites is proposed, which involves the coating of unsized glass fiber fabric layers by simple immersion in an aqueous
suspension containing sugarcane bagasse microfibrillated cellulose (MFC), followed by vacuum-assisted liquid resin infusion as the
processing method. From atomic force microscopy, a 250 nm MFC-rich interphase was found, revealing its ability to build micro-
and nanobridges acting as bulk epoxy matrix and GF linker. The interlaminar shear strength, quasi-static tensile, and flexural tests, as
well as the morphological and fractographic inspection of test coupons containing the secondary substructure, broadly supported the
assumption of the efficient role on the interfacial level of this nano reinforcement by enhancing the load transference and distribution
from the polymer matrix to the main reinforcing fiber system compared to baseline unsized fiber-reinforced epoxy laminates. This
finding permits this class of composite materials to be considered as having great potential to achieve products with excellent perfor-
mance/cost ratios. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44183.
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INTRODUCTION

The reinforcement of polymer matrices with continuous glass
fibers (GFRP) has wide applicability in fields such as the aero-
space, construction, automotive, naval, wind, and oil industries,
which often demand high performance materials capable of
effectively supporting the loading. Recently, the improvement of
composite interfaces has been one of the most important topics
of great interest to researchers from different fields that involves
composite science and technology, rising as a challenge the dif-
ferent ways of reducing processing times and costs parallel to
the enhancement of the ultimate properties of composite lami-
nates. Hierarchical structures and tailored interphases in com-
posites have been studied in the last few years due to their
positive contribution on the functional and mechanical proper-
ties, giving extensive applicability in different fields.'™

A limitation of composite materials is attributed to both the
interfacial adhesion between the mains phases, namely fiber and
matrix, and the matrix properties surrounding the interface,
aspects dominating their ultimate properties.*

So far, a wide variety of methods have been proposed to
enhance the interfacial adhesion in GFRP composites, such as
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the chemical treatment of fibers and matrices. The use of func-
tional silanes, silica, and silicates groups incrementing the affini-
ty among phases into the composite are well known by the
scientific community.”” Interfacial improvements in composites
can also be carried out by means of physical treatments of
fibers. The use of plasma is an effective method to enhance
fiber—matrix adhesion, affecting principally the chemical and
physical properties of the surface layer.*” Argon and oxygen gas
plasmas are characterized to introduce hydroxyl functional
groups, modifying the main properties of the surface,'
although a noticeable risk of damage to the reinforcement has
also been reported,'" very probably because of long-term plasma
exposure, resulting in stress concentrators introduced into the
fibers’ surface.

The region surrounding the fiber is the composite interphase,
defined as the volumetric region that controls the interaction
between the reinforcement and the matrix governing its
mechanical behavior.'>'? Its capability to bear loads depends on
the physico-chemical or frictional nature of matrix/reinforce-
ment adhesion."? The physico-chemical nature, related to chem-
ical bonding and intermolecular interactions, is apparently
more influential in polymer matrix composites than the fric-
tional one, although this latter condition is often relevant.”
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Figure 1. Schematic of the novel production route of MFC-based hierarchical GFRP laminate.

To improve the mechanical properties of the matrix near to the
fiber interface, the use of nanofillers disposed in a hierarchical
structure has been proposed.*'* The incorporation of carbon
nanotubes (CNTs) as hierarchical substructures achieving higher
stress resistance and toughness in the interlaminar and intrala-
minar regions of composites has been studied in detail.*'>™'®

Recently, microfibrillated cellulose (MFC) has been positioned
as a potential interfacial agent in fiber-reinforced plastics, with
the benefits of low cost, minimal environmental impact, renew-
able resources, and huge availability compared to the other
materials that were used in the aforementioned competing tech-
niques.'®*® So far, MFC has been incorporated directly into
epoxy resin by solvent exchange,®' preventing its use in cost-
effective liquid resin infusion or resin transfer molding
manufacturing techniques, where good flow, permeability, and
wettability properties are of critical importance.”>*’

The main purpose of this study is to reinforce the weak poly-
mer matrix that surrounds the interfacial region, increasing the
ultimate mechanical strength of GFRP. In this sense, we expect
to contribute in an effective and sustainable way to the market
growth of this continuous glass-fiber-reinforced polymer com-
posite, exhibiting optimum performance/cost ratios.

EXPERIMENTAL

The MFC utilized here was synthesized from cane bagasse, described
elsewhere.** Continuous unsized GF in the form of 0.18-mm thick
bidirectional plain-weave fabric displaying areal weight of 200 g/m”
and 1k filaments per bundle, provided by Fibertex Brazil™ were
employed as the main reinforcing structure in the hierarchical com-
posite laminate. A liquid system composed of Araldite LY 1316-2 BR
epoxy resin based on bisphenol A diglycidyl ether (DGEBA) mono-
mer and Aradur HY 2963 hardener was purchased from Huntsman
Brazil™. The resin was infused in both dry preforms of unsized GF
(baseline material) and MFC-coated GF, respectively. Unsized (neat)
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GF fabric preforms were simply dipped in aqueous MFC suspension
(0.1% MEC in weight) for impregnation and were subsequently
dried in an oven for 3 h at 102 °C, until weight loss was negligible.
Five plies with in-plane dimensions of 300 mm X 200 mm, each one
comprising an unsized GF fabric covered with MFC, were piled up
according to the quasi-isotropic sequence [(0/90),(%£45),(0/90),
(+45),(0/90)]. Two-component liquid epoxy resin system was pre-
pared by stirring it in a mixer with an anchor-shaped propeller, fol-
lowed by degassing at —93 kPa for 8 min at ambient temperature of
25 °C. Vacuum-assisted liquid resin infusion on flexible tooling was
carried out using the same set of pressures and temperatures given
above, giving rise in both cases to 1.0-mm thick laminates. Curing
was carried out for 12 h under a vacuum bagging pressure of —50
kPa at ambient temperature. Figure 1 summarizes the basic steps of
the proposed methodology to obtain MFC-based hierarchical GFRP
laminates.

Test coupons were carefully and precisely machined from GFRP
laminates by employing a rotating thin water-cooled diamond
circular saw cutting blade. Test coupon sizes and shapes strictly
followed the guidelines provided by ASTM standards: designa-
tions D3039-08 (tensile testing), D7264-08 (flexural testing),
D2344 (interlaminar shear strength testing), and D7028-07
(dynamical-mechanical testing).

A microprocessor-based electromechanical universal testing machine
EMIC model 23-100™ equipped with a 10 kN load cell and axial
extensometer with original gage length of 25 mm was utilized in
monotonic tensile testing. Five full-thickness test coupons with
dimensions 250 mm X 22 mm were used for each class of GFRP
composite laminate, i.e., conventionally conceived and hierarchically
structured. The tests were carried out under displacement-controlled
conditions, with the test speed fixed at a rate of 2 mm/min.

Three-point flexural testing was conducted in the same testing
machine under displacement-controlled conditions at a
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erogeneous MFC pattern deposited over GE.

deflection rate of 1 mm/min measured at the midspan loading
line. Five full-thickness test coupons with dimensions 80 mm X
10 mm were utilized for each of the two composite laminate
categories. The tests were conducted employing a span length of
40 mm. A thin film of PEEK (poly-ether-ether-ketone) thermo-
plastic polymer was placed in between the composite test cou-
pon and, respectively, the acting and the supporting steel-made
rollers, to avoid untimely failure of the laminates by crush-
inducing damage.

Interlaminar shear strength (ILSS) testing was performed using
the same universal testing machine described previously by
applying a central load train speed rate of 1 mm/min and
employing a span length of 12 mm. Five full-thickness speci-
mens with dimensions 18 mm X 12 mm were tested for each
type of composite laminate. A thin film of PEEK polymer was
placed in between the composite test coupon and, respectively,
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Figure 2. SEM imaging of (a) MFC morphology; (b) pristine unsized GF; (c) neat GF surface after MFC hierarchical substructure incorporation; (d) het-

the acting and the supporting steel-made rollers, to avoid com-
plications discussed earlier for the flexural test.

Dynamic mechanical analysis (DMA) analysis was carried out
in Perkin Elmer model DMA 800™ equipment operating under
three-point bend mode (span length of 45 mm) with a sinusoi-
dal waveform loading applied at a frequency of 1 Hz. A heating
rate of 5°C/min was imposed inside the chamber containing a
full-thickness test piece of dimensions 50 mm X 10 mm. The
temperature range of —50 to 300 °C was fully swept in order to
identify clearly the respective glass transition temperatures of
conventionally designed and hierarchically structured GFRP
laminates. Three full-thickness specimens were tested for each
of the aforementioned composites.

Height and phase imaging were simultaneously carried out in
tapping mode in Brucker Atomic force microscopy (AFM)
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(a)

MultiMode 8 SPM™ equipment with a scan rate of 1 Hz, using
antimony-doped silicon probes with tip radius of 1.5 nm, drive
frequency of 100 kHz, and spring constant of 5.0 N/m. In tap-
ping mode atomic force microscopy (AFM), the cantilever is
excited into resonance oscillation with a piezoelectric driver.
The oscillation amplitude in the vertical direction (height imag-
ing) is used as a feedback signal to calculate the topographic
variations of the sample (i.e., surface roughness measurements),
which, in turn, allows one to estimate the size of the dispersed
(i.e., non-continuous) composite constituents (e.g., interphases).
In phase imaging, the phase lag between the piezoelectric signal
that drives the cantilever oscillation and the cantilever oscilla-
tion output signal is simultaneously monitored and recorded.
The phase lag is very sensitive to variations in material proper-
ties such as composition, friction, adhesion, and viscoelasticity,
which gives the possibility of characterizing quantitatively the
individual components of composite materials.

In inspecting the fractographic and morphological aspects of
the hierarchical (GF + MFC) epoxy resin matrix composite, a
low-vacuum, high-resolution FEI Inspect F50 Field Emission

(b)

Figure 3. (a) Tensile stress—strain curves of GFRP before and after strengthening with MFC; (b) tensile modulus and strength of GFRP in both testing
conditions.

examined surfaces were previously sputter coated with electrical-
ly conductive ultra-thin layers of carbon to improve imaging
quality. The secondary electron imaging mode was employed at
low accelerating voltages ranging from 2 to 10 kV.

RESULTS AND DISCUSSION

MEFC Deposition on the Main GF Reinforcement

Figure 2(a) shows an SEM micrograph of an MFC substructure,
where its typical aspect is exceptionally large, exhibiting a web-like
structure with an appreciable surface area that, in this case,
depends on different factors like the fibril diameter, which has a
close relationship to its porosity.”> The appearance of this MFC
frame is quite similar to the hierarchical fibrous structure found
inside a turtle’s carapace shell, providing it with strength, stiffness
and toughness.*

Figure 2(b) displays continuous unsized GF in the as-received
condition, while Figure 2(c) depicts the very interesting pattern
obtained by compounding the MFC and GF networks, present-
ing a very well-adhered, thin, and homogeneously distributed
MEFC substructure superposing the main GF framework. The

Scanning electron microscopy (SEM)™ was used. The chemical interaction between the GF and MFC substructure is
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Figure 4. (a) Flexural stress—strain curves of GFRP before and after strengthening with MFC; (b) flexural modulus and strength of GFRP in both testing

conditions.
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Figure 5. Interlaminar shear behavior of GFRP laminates respectively

without and with the use of MFC substructure as a fiber/matrix interfacial
agent.

mainly associated on the basis of hydrogen bonds between
hydroxyl groups present in both the structures.

Still in Figure 2c, black arrows point out the two extremes of
MFC diameters, i.e., coarse structure below and very refined
above, while the white arrow indicates a contamination parti-
cle stuck to the GE The nano-scale coalescence effect in MFC
can be avoided with drying temperature control and chemical
stirring during its synthesis to minimize its formation, which
reduces the quality of cellulose by decreasing its strength.?’”
Figure 2d allows one to appreciate the broad diameter spec-
trum of nanofibrils firmly attached to the GF surface; contami-
nation particles present in unsized GF become evident as well.
Several weight measurements of dry neat GF samples before
and after MFC impregnation showed that the weight percent-
age of the latter effectively attached to the former was 0.04%,
with a standard deviation of 0.01%. This remarkably low value
in terms of impregnation could be associated with the facility
of glass fibers to attract tiny MFC fibers over their surface,
building a homogenous smooth coating as clearly depicted in
Figure 2(d).
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Mechanical Testing

Two averaged tensile stress—strain curves for, respectively, neat
GF and neat GF + MFC reinforcing epoxy laminates are dis-
played in Figure 3(a). Both curves were fitted on a point-to-
point basis at selected strain amplitudes, with the corresponding
standard deviation of stress values given as vertical bars. The
behavior in the MFC condition was similar to the baseline lami-
nate. A slight increase in both the stiffness (+7%, with a Pear-
son’s Coefficient of Variation—PCV of 2.2%), shown in Figure
3(b), and the ultimate tensile strength (+7%, PCV of 3.2%)
indicates the relatively low efficacy of MFC incorporation in
improving load transference and distribution through the
matrix-fiber interface under such mode loading.

Fracture toughness in tensile tests, expressed as the area under
the tensile stress—strain curve, slightly increased by 8%. This rela-
tionship was measured using the commercial data analysis soft-
ware Originlab, Northampton, MA.

Figure 4(a) presents averaged flexural stress—strain curves for,
respectively, neat GF and neat GF + MFC reinforcing epoxy resin
laminates. Both curves were fitted on a point-to-point basis at
selected strain amplitudes. As seen in Figure 4(b), the improve-
ment in stiffness due to nanocellulose is close to 5%. In fact, at
relatively low strain levels (below 1%), the flexural modulus in
both conditions depends mainly on the matrix and the glass
fibers, and only after applying higher loadings does the action of
the nano- and micro-constituents of MFC restrict the interfacial
mobility, controlling preferentially the ultimate properties of the
laminate. As observed, the enhancement in the ultimate flexural
strength shown in Figure 4(b) (+38%, PCV of 6.7%) is more
than five times that of the pure tensile mode. This behavior
could be related to the fact that the failure mechanisms of bent
continuous GFRP depend to a large extent on compressive
stresses. In this respect, the matrix is responsible for supporting
the reinforcing fibers to prevent microbuckling failure in the
material portion where the compressive stresses are generated.”®

The fracture toughness was also measured in both the baseline
and MFC-glass fiber coated coupon tests, this last condition
resulting in an increase of 14%. These improvements can be

0.25 T T T
-=-=-=-Unsized GF
y —+ MFC

0_20_ ———————————————
w 0.15-
=
=

0.10 4

0.05 1

0.00

50 25 0 25 50 75 100 125 150 175 200

Temperature (°C)

(b)

Figure 6. DMA curves displaying (a) storage modulus and (b) tan 8 of GFRP laminates manufactured respectively without and with the presence of the

MEFC substructure as an interphase-producing agent.
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Figure 7. (a) Fracture topography of GFRP showing arrowed nanocellulose fibrils still enduring local tensile stresses acting between a portion of MFC-rich res-
in polymer and GF reinforcement. (b) Reliable portrait of the so-called “3D interphase”; (c) MFC-rich and MFC-free zones on the GF framework surface.

achievable only as a consequence of effective chemical and/or
physical interaction of the MFC agent with both the main CF
network and the enveloping thermosetting polymer matrix.

The results of ILSS for the neat GF and neat GF + MFC rein-
forcing epoxy resin laminates are presented in Figure 5, showing
a substantial improvement of 27% in the GF + MFC condition
over the baseline laminate. The fracture toughness was calculat-
ed based on the under-curve area of each condition, resulting in
an increase of 60% in the MFC-coated fiber laminate. Flexural
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and particularly ILSS properties obtained in this study indicate
that MFC incorporation may lead to the enhancement of
impact properties in GFRP, since the interlaminar shear strength
is one of the most important parameters determining the ability
of a composite to resist delamination damage.*

Similar to the flexural behavior, the stiffness ratio was not improved
noticeably. A slight difference of 3% in the slope of both curves was
due to the minimal MFC contribution in the composite elastic
region, as previously observed in the tensile and flexural moduli.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44183
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three different phases composing the hierarchical composite laminate, as
resolved by AFM analysis.

The main hierarchical action inside the composite is to support
the transverse load due to the thickness-oriented nanofibers,*
resulting in a greater resistance to failure by delamination in the
composite material.’ Through hierarchical approaches, matrix-
dominated properties, such as interlaminar shear strength, have
been reported to improve by between 8 and 30%,’* thus
expressing the high degree of success achieved in the present
work. Delamination arresting is expected to occur due to pull-
out, interleaving, and bridging toughening mechanisms. Accord-
ing to these proposed mechanisms, MFC is likely to support
shear loading by means of the thickness-oriented nanofibers,
resulting in higher delamination resistance.

Dynamical Mechanical Analysis

Figure 6(a) shows the storage modulus of MFC-based laminate
in the glassy state (7<25°C), which is much the same as that
of conventional GFRP laminate. In contrast, the storage modu-
lus in the rubbery polymer zone (T> 75 °C), which is strongly
related to the crosslink density of neat thermosetting poly-
mers,>> is more than twice as high for the MFC-treated com-
posite compared to the untreated one. In this regard, the
hierarchical self-assemblage of the MFC substructure on the
main GF framework surface might be decisive under fluctuating
loads at higher temperatures, when the presence of the
nanofiber-rich interphase will be more than compensated for
the intrinsically limited stiffness of the neat GF fiber/epoxy resin
laminate, due its poor interfacial adhesion above T,.

Figure 6(b) presents the tan & curves for baseline and MFC-
treated composite laminates. The glass transition temperature
(Ty) is quite similar for both conditions, reflecting the domi-
nance of GF in determining the thermo-mechanical behavior of
this class of composites. On the other hand, the incorporation
of nanocellulose fibrils reduced the tan & peak, which can prob-
ably be related to a minor extent to the slight reduction in the
polymer matrix fraction compared to the untreated GF compos-
ite.>* As previous studies””° have concluded that the magni-
tude of tan 8 is inversely proportional to interfacial adhesion in
the composites, most of the observed stiffening effect is likely to
be associated with the stronger fiber/matrix interfacial adhesion
provided by the MFC treatment of GF, thus effectively restrain-
ing large-scale movement of polymer chains.
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Fractographic Assessment

Figure 7(a) presents the tensile fracture morphology of the two-
level hierarchical structure based on GF and MFC constituents.
An MFC-rich resin region firmly attached to a GF is seen, as well
as some nanofibers (pointed out by white and black arrows) still
linking the GF and polymer matrix phases. When stress is
applied to the bulk polymer matrix, load is transmitted to the
MEFC-rich polymer zone, therefore reducing to a large extent the
energy available to fracture the weakest phase, i.e., the brittle
epoxy resin. The GF MFC-coating acts directly over that vulnera-
ble constituent surrounding the interface region.'” In this partic-
ular domain, polymer resin failure is prone to occur in
conventional composite laminates, but in the novel hierarchically
reinforced structure, the nanotoughener MFC element plays a
fundamental role in substantially decreasing that probability.

Figure 7(b) portrays what Kim and Mai,”” Pegoretti et al,’® and
Drzal et al® conceived as an interphase, which means an inter-
mediate heterogeneous volume phenomenologically very different
to both the reinforcing fiber and the bulk resin. In this regard,
these authors proposed that the interfacial shear strength of a
fibrous polymer composite has a close relationship with the shear
strength of the tridimensional fiber-surrounding resin domain, so
that once this fundamental concept was definitively recognized
by the scientific community, efficient hierarchical composite
structures could be technologically addressed and developed to
mitigate interlaminar, intralaminar, and translaminar damages,
hence enhancing the whole laminate fracture toughness as well.

In fact, Figure 7(b) speaks for itself on the essential role exerted
by the MFC substructure in providing effective load transference
and distribution media to the main GF reinforcing framework,
at the same time that nanofibrils blend into the resin matrix,
therefore simultaneously strengthening and toughening the con-
tinuous phase. This guarantees a tridimensional volumetric
region, where perfect integration among the three components
is achieved, reflecting directly on the mechanical performance
improvement of the laminate.

Figure 7(c) shows the effect of the MFC substructure within the
hierarchical composite after tensile fracture, corroborating its
self-assembly capability on the GF surface. Nevertheless, the
MEC-free portions of GF indicate that the coating process still
has to be enhanced to certificate that the entire GF surface is
MEFC-impregnated and liable to exhibit the highly positive effects
mentioned earlier. The poor condition of MFC-GF adhesion
shown in Figure 7(c) naturally leads to low interfacial toughness
in GF/MFC laminates, resulting in the undermined mechanical
response of the laminate as a whole, which seems particularly
true under tensile loading (Section “Mechanical Testing”).

Atomic Force Microscopy

Figure 8 relates the average roughness of each of the present
phases in the composite laminate after treatment with MFC. It is
clearly seen that the level of roughness of the fiber is low relative
to the polymer matrix, because its viscoelastic nature tends to
leave higher signs of plastic deformation after cutting, thus creat-
ing this wavy surface. Furthermore, the MFC exhibits high rough-
ness relative to the other two phases due to its three-dimensional

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44183
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network structure, as previously discussed in the section “MFC
Deposition on the Main GF Reinforcement” [Figure 2(a)].

Figure 9(a) shows a height image of the hierarchical composite,
where some MFC-rich glass edges are observed and are marked
with white arrows. The region was measured at three points,
resulting in an MFC thickness of 200 == 20 nm. Due to the poor
impregnation, as seen in Figure 2(c), it was not uniform over the
whole fiber surface, and some fiber edges do not allow us to
observe these MFC structures totally. Due to the topography creat-
ed by the cutting, part of the MFC was exposed and readily observ-
able, since it was primarily attached to the fiber. However, to find
MEC linked to both the fiber and resin in order to observe the cre-
ated interphase, the AFM technique was not quite satisfactory.

Phase contrast images [as shown in Figure 9(b)] are mainly asso-
ciated with the adhesion characteristics, viscoelasticity, and sur-
face area of the material and, in some cases, also reveal
contrasting topographic differences in the sample.** This is
because the phase is a measure of the dissipation of energy
involved in the interaction between the tip and the material sur-
face.*™*? Figure 9(b) displays the MFC-rich interphase arc
(marked by white arrows) created in between the matrix and the
main reinforcing phase of the hierarchical composite. Figure 10
presents line scans versus the width of profile extracted from a
phase and height images of the hierarchical composite performed
for each measurement curve along a 1.0 micron path, starting
from the epoxy polymer matrix, crossing the MFC region and
ending over the GF surface. The results provide relevant informa-
tion to define the three different phases clearly, in order to estab-
lish more accurately the thickness of the coated MFC layer. Both
the matrix and the reinforcing phase disclosed some spikes along
their measured length because of the artifacts found on the sur-
face topography. The exhibited phase levels during the sweep of
the sample denoted the interactions suffered by the cantilever
during scanning of the sample, showing greater responses associ-
ated with the interfacial region.

The value of the phase width profile calculated along the region
between the vertical solid lines, is much the same as that one
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Figure 9. (a) Height and (b) phase cross-sectional 2D micrographs of the hierarchical GF + MFC reinforced epoxy matrix composite laminate.

visually estimated on the basis of Figure 9(a) and comparable cor-
responding to the MFC coating, was close to 200 nm. This is
comparable to the height image line scan value of 250 nm mea-
sured between the pointed vertical lines, but with a slight variation
possibly attributable to the type of measured property on the sam-
ple as performed via AFM microscopy. This difference of response
could have been derived from some loss of information concern-
ing the characteristics of the boundaries among both interfaces
(MFC/matrix) and (MFC/reinforcement), which was not visible in
the height image of Figure 9(a) nor detectable by in-situ phase
measurements as presented in Figure 10.

CONCLUSIONS

An innovative manufacturing method to produce highly cost-
effective composite laminates founded on the rapid incorpora-
tion of micro-fibrillated cellulose directly in unsized glass fiber
preforms, later subjected to liquid epoxy resin vacuum-infusion,
has been developed and presented.
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Figure 10. Phase and height line scan profiles crossing respectively the
epoxy resin matrix, MFC-rich interphase and reinforcing GF of the hierar-
chical composite.
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Having as a baseline the mechanical performance of simply
unsized glass fiber laminate, stiffness gains of 38% have been
attained by the hierarchically conceived composite laminate
under flexural behavior. Ultimate strength increments of 38%
and 27% were also attained by the novel material under flexural
behavior and ILSS, respectively. The tenacity at ultimate load
was increased by 60% in this latter mechanical test.

The outstanding general improvement in the mechanical perfor-
mance of the glass fiber-reinforced polymer laminate is credited
to the 250 nm thick micro-fibrillated cellulose-rich interphase
developed in between the glass fiber and epoxy resin bulks, as
thoroughly characterized and measured at nanoscale via atomic
force microscope techniques. Strengthening and toughening
mechanisms at the micro- and nano-levels were clearly identi-
fied and portrayed by scanning electron microscope imaging.

The results of this study are expected to contribute effectively to the
market expansion of structural continuous glass fiber-reinforced
polymer composites, exhibiting excellent performance/cost ratios.
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