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� MWCNTs well-dispersed in resin prior to fabrication produce a UV-resistant GFRP.
� 0.5–1.0 wt% carboxylic functionalized MWCNTs protect GFRP against UV degradation.
� UV-resistant GFRP eliminates the need to apply UV protection paint.
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a b s t r a c t

Degradation due to exposure to ultraviolet (UV) radiation is an important durability challenge with glass
fiber reinforced polymer (GFRP) composite. Design and construction guidelines of GFRP suggest using UV
protection paint to prevent GFRP degradation. In this study we examine the possible use of multi-walled
carbon nanotubes (MWCNTs) dispersed in epoxy matrix to produce UV-resistant GFRP composite. We
suggest that MWCNTs can result in a significant improvement to UV degradation resistance in the
GFRP. Direct tension tests of GFRP coupons incorporating 0.25 wt%, 0.50 wt%, and 1.0 wt% of MWCNTs
show inherent stability and good resistance to UV degradation. Microstructural analysis shows the ability
of MWCNTs to resist polymer backbone disassociation caused by UV radiation thus preventing UV degra-
dation in GFRP. Scanning electron microscopy (SEM) images show MWCNTs can resist microcracking
caused by UV radiation and thus improve UV degradation resistance of GFRP.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Glass fiber reinforced polymers (GFRP) composite represents an
excellent material alternative for reinforcing and strengthening
reinforced concrete structures because of its high strength-to-
weight ratio, long-term corrosion resistance, relatively low cost
and ease of installation [1]. New manufacturing methods, like pul-
trusion and filament winding, have made it possible to use GFRP
sections as frame and truss elements in FRP structures. GFRP is also
used in windmill blades, airplanes and other industrial applica-
tions. GFRP is made by reinforcing polymer matrix (typically
epoxy, polyester or vinyl ester) with continuous glass fibers. In this
composite, the polymer matrix is the weak link and is susceptible
to changes in physical properties [2]. When used in construction
applications, GFRP bars and sections are prone to different types
of environmental exposures including temperature, humidity,
and ultraviolet (UV) radiation. It is well documented that GFRP
has low resistance to UV radiation [3–6].

UV radiation experienced by the Earth’s surface has a wave-
length range of 290–400 nm, which lies within the intensity
known to cause bond disassociation in polymers [6,7]. The surface
of the polymer degrades because of the photo-initiated oxidation
that takes place due to UV exposure. This oxidation breaks the
skeletal bonds in the polymers making an adverse impact on its
stiffness and strength [6,8]. Currently, UV degradation of fiber-
reinforced polymers (FRP) is avoided by providing an additional
UV protective coating, which adds to the cost of FRP materials
[4]. The primary cost component comes from the need to apply
then maintain the protective coating on the entire surface of the
FRP materials. Labor and construction costs make the application
of UV protective coating much more expensive than the cost of
the coating material itself. The benefit in eliminating the need for
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UV protective coating is thus significant when FRP is used in con-
struction applications, specifically in rehabilitation and retrofitting
of existing concrete structures. UV protective coating acts as a self-
sacrificing material degrading over time with UV exposure. Even-
tually, as a part of routine maintenance, UV protective coating
requires reapplication. This increases maintenance costs, especially
for retrofitting structures using FRP. Moreover, UV degradation is
also a critical problem for offshore composite-based windmills
because the UV protective coating must be reapplied using off-
shore platforms [9]. Karbhari et. al. reported on UV-induced dam-
age as one of the durability challenges for FRP composites [4].
Researchers recommended creation of a polymeric matrix resin
with inherent stability to UV radiation. This might eliminate the
current requirements for protective coatings. Subsequently,
Tcherbi-Narten et. al. fabricated woven carbon fiber epoxy
nanocomposites by dispersing nano clay up to 3.00 wt% in the
epoxy matrix [10]. The study showed improvement in compressive
strength of composite up to 56% and reduction in UV degradation.
However, nano clay could not resist the microcracking caused by
UV radiation, which was evident from microstructural investiga-
tions of the exposed surface.

In similar interests to improve the mechanical behavior of poly-
mers, carbon nanotubes (CNTs) received attention from the
research community. CNTs are very strong materials that showed
significantly high elastic modulus of 1000 GPa and very high tensile
strength of 100 GPawhen comparedwith high strength steel, which
has 200 GPa of elastic modulus and 1.0 GPa of tensile strength [11].
Researchers showed significant improvement in polymer matrix
strengths by incorporating as low as 3% by weight CNTs [13]. The
challenge was to accomplish good dispersion of the CNTs, since
CNTs are easily entangled. Surface functionalization, ultra-
sonication, and magnetic stirring were suggested as best methods
to overcome the dispersion challenge, and results showed various
levels of success [12,13]. Surface functionalization of CNTs accom-
plishes two tasks: first, it helps to uniformly disperse CNTs into
the polymer matrix by causing an unbalanced charge, which helps
in counteracting the Van der Waals forces. Second, functionaliza-
tion can be engineered to form a strong covalent bond with the
polymer chain [11,14,15]. Hence multi-walled carbon nanotubes
(MWCNTs) are recognized as an efficient nanofiller for polymeric
matrices to improve strength and stiffness of polymer composites.

Asmathulu et. al. developed MWCNTs/epoxy-based nanocom-
posite for external coating only and it showed little to no microc-
racking after subjecting to UV radiation [16]. Thus, incorporating
MWCNTs into the polymer matrix resists the breakage of skeletal
bonds and development of micro-cracks caused by photo-
initiated oxidation of UV conditioning within the polymer matrix
[16,17]. Additionally, MWCNTs were shown to form a dense net-
work on the surface of the epoxy composite to protect against
UV degradation. However, the above studies did not use MWCNTs
epoxy matrix for fabrication of GFRP. Other UV stabilization fillers
mentioned in the literature include carbon black, Dihydroxy ben-
zophenones and benzotriazoles. These fillers, when used in the
polymers, absorb the harmful UV radiation to convert into harm-
less infrared radiation, which is dissipated through the polymer
matrix as heat [18–20]. Although numerous UV stabilizing fillers
are available, when used to make the GFRP, their interaction on
the mechanical properties is not known. Our previous studies
showed that incorporating carboxyl functionalized MWCNTs in
small amounts (below 1.00 wt% of the polymer by weight) into
the polymer matrix prior to FRP fabrication improved the tensile,
shear, and fatigue strengths of GFRP [21,22].With advancements
in the manufacturing methods, MWCNTs are now commercially
available from different manufacturers (e.g. Cheap Tubes, Inc.,)
[23]. No prior research on using MWCNTs dispersed in epoxy for
fabrication of GFRP for UV stabilization has been reported.
In this study, we suggest incorporating carboxyl (COOH) func-
tionalized MWCNTs in epoxy prior to GFRP fabrication and using
this matrix to produce GFRP. As our previous studies showed that
using carboxyl functionalized MWCNTs chemically react with the
amine group in epoxy and the silane sizing of the glass fibers
[21]. The suggested process may improve UV degradation resis-
tance of GFRP and might eliminate the need for using UV protec-
tive coatings. We conducted mechanical characterization in the
form of direct tension tests and thermomechanical characteriza-
tion using a dynamic mechanical analyzer (DMA). Additionally,
microstructural investigations using Fourier transformation infra-
red spectroscopy (FTIR) were conducted to understand the chemi-
cal change for epoxy specimens prior and subsequent to UV
conditioning. Finally, the scanning electron microscopy (SEM)
was used to observe surface damage of GFRP samples prior and
subsequent to UV conditioning.
2. Experimental methods

2.1. Materials

The glass fibers used for fabrication of GFRP were unidirectional
S2-glass fibers supplied by ACP Composites, Inc., Livermore, CA.
The glass fibers are held together in 0�with a special polymeric veil
fabric with low density which has the ability to dissolve into the
laminate while curing. The glass fibers come in the form of a roll
with a width of 300 mm. For the fabrication of GFRP laminates, a
two-component epoxy system supplied by U.S. Composite, Palm
Beach, FL was used. The primary component is a low viscous liquid
epoxy resin 100% reactive based on Bisphenol-A containing
EPOTUF�37-058, which is C12-C14 glycidyl ether. The second com-
ponent is an epoxy-hardener consisting Aliphatic Amine
EPOTUF�37-614. The resin to hardener mix ratio is 2:1 by weight.
MWCNTs were functionalized with COOH group by 1.2% supplied
by Cheap Tubes, Inc., Grafton, VT. The MWCNTs had an inner diam-
eter of 5–10 nm and an outer diameter of 20–30 nm, specific sur-
face area was 110 m2/g and bulk density of 0.21 g/cm3.
2.2. GFRP fabrication

GFRP laminates were manufactured using the vacuum assisted
hand-layup technique (VAHT) with fibers in 0� direction after dis-
persing 0.00 wt%, 0.25 wt%, 0.50 wt% and 1.00 wt% of MWCNTs of
the epoxy by weight.

The effect of dispersion on the mechanical properties was dis-
cussed and explained in the literature [13,14]. Uniform dispersion
has been proven necessary to achieve improved mechanical behav-
ior. Numerous techniques are available to achieve uniform disper-
sion such as high shear mixing, ultrasonication, covalent and
noncovalent functionalization. In the current study, the dispersion
mechanism involved mixing the desired content of MWCNTs into
the epoxy resin with a mechanical stirrer at 800 RPM for 5 min;
then, the mixture was placed in an ultra-sonication bath for
60 min at 40 �C to disperse theMWCNTs in the resin. Later, themix-
ture was mixed at 800 rpm for 120 min at 80 �C with the use of a
mechanical stirrer to enable the MWCNTs to disperse uniformly
into the epoxy resin. The ultrasonication and mechanical stirring
allows dispersing the MWCNTs into epoxy matrix and the ACOOH
surface functionalization improves the dispersion process. The
above technique has been reported to result in well-dispersed
MWCNTs in epoxy and allow making composites with improved
mechanical properties [22]. The epoxy hardener was then added
to the resin-MWCNTs mixture and mixed for five minutes. SEM
image of epoxy matrix incorporating 1.00 wt% MWCNTs is shown
in Fig. 1 demonstrating good dispersion of MWCNTs in epoxy.



Fig. 1. SEM image showing dispersed MWCNTs in epoxy matrix. Green Arrows
point to individual MWCNTs.
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The epoxy prepared with the above methodology was used for
fabrication of MWCNTs-GFRP using six layers of glass fiber fabric
using VAHT as presented in Fig. 2. For laminate fabrication, firstly,
a peel ply was applied onto a release film mounted onto a steel
plate. Initially, an epoxy layer was spread on the peel ply with
the help of a roller. Next, a layer of glass fiber sheet was placed
on the epoxy layer and rolled using a roller to ensure proper
impregnation of the epoxy. Subsequently, a layer of epoxy was
poured and rolled on the previously placed glass fiber layer. Then,
a new layer of glass fiber was placed and rolled to ensure the
impregnation of epoxy. This process continued until 6 layers of
glass fibers were pressed together. A peel ply cloth was then rolled
on the layered GFRP, followed by a porous release film to ensure
vacuum suction of epoxy for impregnation within the glass fibers
and to ensure easy removal of excess epoxy. A breathing cloth
was placed to absorb the excess epoxy and the process was com-
pleted with vacuum packaging by applying a vacuum pressure of
3 Pa for 24 h. All GFRP plates were cured in the oven for 6 h at
50 �C and then at ambient temperature for 14 days to ensure full
strength gain. The VAHT technique was used for consistent produc-
tion of GFRP samples. One GFRP plate for each MWCNTs concentra-
tion was fabricated using 6 layers of unidirectional S2 glass fiber
fabric. All the samples for each MWCNTs concentration were ran-
Fig. 2. Fabrication procedure of M
domly selected from the same plate. Of these random selected
samples, five samples were subjected to UV conditioning and other
five samples were not subjected to UV conditioning. The samples
were cut to the desired dimensions using water jet cutting to
ensure perfect cut. Enough care was taken while fabricating the
plate to ensure that there are no significant misalignments and
the fibers were placed at the 0-degree direction.
2.3. UV exposure

A UV chamber was constructed to meet the guidelines provided
in ASTM G151 and ASTM G154 for exposing the GFRP coupons to
UV radiation prior to mechanical testing [24,25]. The UV chamber
was a wooden box of 698 mm length, 495 mm width and 508 mm
height. A wattage intensity meter was always placed inside the
chamber. Six spectral UVA 365 lamps were placed in the box (three
on each side) to give the required wattage intensity and measured
to be in the range of 0.77 and 0.95 W/(m2�nm), where ASTM spec-
ifies a 0.89 W/(m2�nm) wattage intensity. The wattage intensity
was constantly monitored daily to ensure the wattage is within
the required range and lamps were replaced as necessary. World-
wide Specialty Lamp, Austell, GA supplied the UVA 365 lamps. In
order to reflect the light onto the specimens, aluminum foil cov-
ered the interior surface of the box. The temperature inside the
chamber (air temperature) was maintained at 51 �C with the use
of 8 cooling fans, and the humidity was maintained at 50%. To sim-
ulate real conditions where there is a period of exposure with and
without sunlight, the cycles of light and dark period (condensation)
were used as is suggested by ASTM G151 and ASTM G154 to enable
chemical reactions that take place in the dark period post UV expo-
sure [24]. A light timer was used to create light cycles, such that UV
exposure was 4 h and a dark period was 4 h. The coupons were
conditioned continuously in repeated cycles of UV conditioning
for a total time of 2,160 h. The UV chamber used in the current
study is shown in Fig. 3. It is extremely difficult to make a compar-
ison with the field condition as numerous other parameters play a
role and this varies from one location to another and the type of
material being tested. Therefore, ASTM G151 recommends not to
compare the laboratory weathering time to the field weathering
time without field experimental data. However, a study on polye-
ster coatings suggested that 576 h of laboratory exposure of UV
exposure conditions, like those reported herein, to approximately
simulate 3 years of UV field exposure [26].
WCNTs-GFRP nanocomposite.



Fig. 3. UV radiation chamber.
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2.4. Test setup

Ten GFRP specimens for each MWCNTs concentration were cut
into standard coupons of 12.5 mm width � 125 mm length for
mechanical testing under direct tension test. The measured thick-
ness of the GFRP coupons was 0.85 mm ± 0.03 mm thickness. Five
coupons were exposed to UV radiation as described in the UV
exposure section, and the other five acted as a reference without
being exposed to the UV radiation. From here on, the GFRP coupons
will be designated by the MWCNTs concentration followed by the
exposure condition such that if exposed to UV radiation, they will
be denoted ‘‘UV” and if not exposed to UV radiation, they will be
designated as unexposed, ‘‘UE”. For example, a sample designated
as 0.25 wt% UV corresponds to a GFRP coupon with 0.25 wt%
MWCNTs concentration and was exposed to UV radiation.

The direct tension test was conducted under displacement con-
trol protocol with a displacement rate 1 mm/min using MTS� Bio-
nex servo hydraulic system with mechanical grips. A contact
Fig. 4. Direct tension test experimen
extensometer with a gauge length of 25 mm was used to measure
the strains accurately. The applied displacement, the correspond-
ing load, and the corresponding strains were recorded throughout
the test time at a sampling rate of 1 Hz. The direct tension test
setup and instrumentation along with the sample dimensions is
presented in Fig. 4. The tensile tests were conducted following
ASTM D3039/3039 M-14 [27].

2.5. Microstructural characterization

FTIR spectroscopy was used to observe the changes in chemical
bonds after UV exposure and the significance of using MWCNTs in
the epoxy matrix. In the current study, a PerkinElmer Spectrum
TwoTM infrared spectrometer with a single reflection diamond
was employed to conduct the FTIR. According to the manufac-
turer’s specifications, the spectral range for the FTIR spectrometer
is within the order of 8300–350 cm�1. GFRP coupons with
0.00 wt%, 0.50 wt% and 1.00 wt% of MWCNTs were used to conduct
tal setup and instrumentation.
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FTIR as these concentrations are representative samples to show
the chemical change within the polymer matrix before and after
UV exposure.

DMA tests were conducted on the epoxy samples to identify the
effect of UV radiation on the glass transition temperature (Tg) of
epoxy samples incorporating 0.0 wt%, 0.50 wt% and 1.00 wt% of
MWCNTs before and after exposure to UV radiation. The DMA
machine used in this study was Q800 DMA manufactured by TA
Instruments, New Castle, DE. The DMA was conducted under 3-
point bending configuration for epoxy samples with dimensions
of 25 mm long � 8 mm wide � 3 mm thickness. DMA measures
the viscoelastic moduli, storage and loss modulus, damping prop-
erties, and tan delta of materials as they are deformed cyclically.
The tan delta peak was used to define (Tg) in the current study. A
preload force of 0.05 N held at a frequency of 1 Hz from 25 �C
�140 �C in 3-point bending was applied. The initial soak time
was 5 min at 25 �C. The ramp rate was 3 �C /min to ensure the
material was heated evenly up to 140 �C.

SEM investigation was conducted on the surface of GFRP sam-
ples before and after UV conditioning using VEGA3 TESCAN ther-
mionic emission SEM system to observe any changes or
microcracking on the GFRP samples post UV conditioning. The
samples were ultra-thin sputter coated with gold/palladium (AU/
Pd) to make the sample conductive.
Fig. 5. UV radiation effect on color of coupons, (a) 0.00 wt% UE; (b) 0.00 wt% UV; (c)
1.00 wt% UE; (d) 1.00 wt% UV.
3. Results and discussion

3.1. Effects of UV on color of GFRP and MWCNTs-GFRP coupons

Neat GFRP with 0.00 wt% MWCNTs had a visible color change
following UV exposure. The coupons, which were initially bright
white in color, turned yellow-brown after exposure to UV radia-
tion. Fig. 5. shows the color change by comparing the coupons
before and after UV exposure. The chemistry of UV radiation dam-
age is not completely understood [7]. Discoloration is related to a
phenomenon well-described in the literature known as polymers’
photoreactions that takes place when the polymer is subjected to
UV and attributed to macromolecular changes in the polymer via
chain scissions as an effect of the photo-induced degradation [7].
While it is difficult to observe discoloration of the black
MWCNTs-GFRP, no visible change in color can be observed in the
UV-exposed MWCNTs-GFRP as shown in Fig. 5. It is reported in
the literature that carbon black enables photo-stabilization of poly-
mers due to its high surface area and thus is used for resisting UV
radiation of polymers [28,29]. It is hypothesized here that
MWCNTs might have photo-stabilization effect similar or better
than that reported for carbon black.

3.2. Constituent content of GFRP composite

The constituent contents of the composite material were
derived following ASTM D3171 using hot furnace combustion
method [30]. First, the mass and density of the composite speci-
men was measured. Then the composite sample is placed in a muf-
fle furnace at 600 �C ± 30 �C for 6 h. This process burns the epoxy
matrix leaving glass fibers unaffected as a residue for which the
remaining mass is determined. The fiber volume fraction was then
determined using Eq. (1).

Vr ¼ Mf =Mc
� �

qc=qrð Þ � 100 ð1Þ

where Mc is the mass of the composite specimen before combus-
tion, Mf is the mass of the glass fibers remaining after combustion,
qc is the density of the composite specimen, qr is the density of the
glass fibers and, Vr is the identified glass fiber volume fraction in the
composite The mechanical properties of continuous FRP composite
material mainly depend on the fiber volume fraction. This is related
to the fact that the elastic modulus and strength of the fiber mate-
rial is orders of magnitude higher than that of the matrix. Therefore,
the fiber constituent is the main load carrying element in the FRP
composite. High strength and stiffness of an FRP composite material
are typically accomplished be ensuring high fiber volume fraction in
the composite. The fiber volume fractions for the specimens tested
herein with 0.00 wt% of MWCNTs, 0.25 wt%, 0.50 wt% and 1.00 wt%
MWCNTs concentrations were 47.0%, 46.5%, 45.8% and 44.6%
respectively. The results confirm that all GFRP specimens with
and without MWCNTs had a fiber volume fraction within 1–3% dif-
ferences compared with neat GFRP. The difference in durability and
mechanical behavior can only thus be attributed to the incorpora-
tion of MWCNTs and not to changes in the glass fiber volume
fraction.

3.3. Effects of MWCNT on strength of unexposed GFRP coupons

The UE MWCNTs-GFRP coupons demonstrated a significant
improvement in their tensile strength compared with the
0.00 wt% MWCNTs GFRP coupons as shown in Fig. 6.

The tensile strength results of GFRP coupons incorporating
MWCNTs are presented in Table. 1. Comparing the results with
0.00 wt% UE coupon samples, the tensile tests showed an increase
in the tensile strengths by 13%, 18% and 9% when 0.25 wt% UE,
0.50 wt% UE and 1.00 wt% UE of MWCNTs were dispersed into
the epoxy matrix respectively. This improvement in strength after
incorporating MWCNTs achieved a 95% confidence level with
student t-test compared with the 0.00 wt% UE samples.

The ability of MWCNTs to alter GFRP mechanical behavior was
reported before through a potential interaction between the



Fig. 6. Tensile strength of GFRP coupons incorporating MWCNTs.

Table 1
Direct tension test results of GFRP coupons incorporating MWCNTs.

Tensile properties

Sample Strength Young’s Modulus Failure Strain
MPa GPa %

0.00wt%UE 919 ± 26 37.4 ± 2.1 2.51 ± 0.14
0.00wt%UV 829 ± 30 36.5 ± 0.9 2.23 ± 0.10
0.25wt%UE 1039 ± 58 36.8 ± 1.2 2.77 ± 0.21
0.25wt%UV 997 ± 53 37.1 ± 1.4 2.67 ± 0.15
0.50wt%UE 1084 ± 69 38.4 ± 3.0 2.80 ± 0.17
0.50wt%UV 1104 ± 94 37.5 ± 2.9 2.98 ± 0.22
1.00wt%UE 1004 ± 57 35.0 ± 0.9 2.85 ± 0.07
1.00wt%UV 1161 ± 47 36.9 ± 0.6 2.95 ± 0.21

Note: Ten GFRP specimens for each MWCNTs concentration were tested under
direct tension. Five coupons were exposed to UV radiation denoted (UV) and the
other five acted as a reference without being exposed to UV radiation denoted (UE).

Fig. 8. Median stress-strain behavior of GFRP incorporating varying MWCNTs.
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COOH–MWCNTs and the epoxy matrix as shown schematically in
Fig. 7, after Borowski et. al [31]. In addition, the functionalized
MWCNTs enhanced the adhesive forces between the fiber surface
and the epoxy matrix. This enhancement is attributed to the chem-
ical reaction between the carboxylic groups and the silane sizing
material located on the fiber surface as shown in Fig. 7. However,
a higher concentration of MWCNTs, typically higher than 0.50 wt
%, increases epoxy viscosity because of the high specific surface
area of the MWCNTs [32]. Such increase in epoxy viscosity might
Fig. 7. Schematic showing the significance of COOH-MWCNTs on the epoxy-fiber
bond leading to improved mechanical behavior of GFRP.
negatively affect the process of glass fibers impregnation with
epoxy during GFRP fabrication. The stress–strain behavior of GFRP
and MWCNTs-GFRP showed linear elastic behavior as shown in
Fig. 8. The tensile modulus of elasticity of GFRP specimens incorpo-
rating varying MWCNTs contents are presented in Table. 1. Statis-
tical analysis using Student T-Test with 95% level of confidence
shows the difference in elastic modulus of the different GFRP spec-
imens with varying MWCNTs content 0.25 wt%, 0.50 wt% and
1.00 wt% to be statistically insignificant. The absence of any signif-
icant change in the modulus of elasticity in GFRP with MWCNTs
compared with neat GFRP can be attributed to the fact that all
mechanical properties in the on-axis direction (0� fiber orientation)
are governed by the glass fibers rather than the matrix. It is well
documented in the literature that the MWCNTs can improve the
elastic modulus of the composite in the matrix dominant direction
i.e., 45� and 90� fiber orientations [33]. An insignificant decrease in
modulus was observed for 1.00wt.%UE samples compared to the
0.00wt.%UE samples by 6%. This decrease in modulus can be attrib-
uted to the reduced quality of composite fabrication caused by the
increased viscosity of epoxy matrix with 1.00 wt% of MWCNTs.
3.4. Effects of MWCNT on the strength of UV-Exposed GFRP coupons

The tensile strength results of the samples subjected to UV radi-
ation are presented in Table. 1. The UV-exposed GFRP coupons, i.e.,
0.00 wt% UV, showed a mean ultimate tensile strength of
829 MPa ± 30 MPa compared with 919 MPa ± 26 MPa for the
0.00 wt% UE samples. The tensile strength of the UV-exposed GFRP
coupons showed 10% loss in their average ultimate tensile
strength, which may be attributed to the significant microcracking
leading to loss of fiber-epoxy bond as a result of the photodegrada-
tion. The 0.25 wt% UV coupons showed a mean tensile strength of
997 MPa ± 53 MPa compared with 1039 MPa ± 58 MPa for the cor-
responding UE MWCNTs-GFRP coupons representing a 4% loss in
the tensile strength of the MWCNTs-GFRP after being exposed to
UV radiation. Furthermore, 0.50 wt% UV coupons showed a mean
tensile strength of 1104 MPa ± 94 MPa compared with
1084 MPa ± 69 MPa for the corresponding UE MWCNTs-GFRP cou-
pons representing a 2% increase in the tensile strength of the
MWCNTs-GFRP after being exposed to UV radiation. Finally,
1.00 wt% UV coupons showed a mean tensile strength of
1161 MPa ± 47 MPa compared with 1004 MPa ± 57 MPa for the
corresponding UE MWCNTs-GFRP coupons, representing an 16%
increase in the tensile strength of the MWCNTs-GFRP after being
exposed to UV radiation. A 95% t-test confidence level was
achieved for 0.00 wt% and 1.00 wt% samples when compared
between the coupons before and after exposure to UV. The tensile
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modulus of elasticity for GFRP samples after subjecting to UV is
presented in Table. 1. UV radiation had a negligible effect on the
modulus of elasticity for sample 0.00 wt% MWCNTs and 0.25 wt%
MWCNTs, as the modulus of elasticity is a fiber dominant property
for on-axis GFRP material. The results indicate that using MWCNTs
in small concentrations as low as 0.50 wt% diminishes the strength
loss of GFRP when exposed to UV radiation. The comparisons
between the tensile strengths of the coupons with all MWCNTs
concentrations, before and after exposure to UV radiation, are
shown in Fig. 9. The ability of the UV exposure to improve the ten-
sile strength of GFRP coupons incorporating 0.50 wt% and 1.00 wt%
MWCNTs is further motivating and explained later using FTIR.

The mean strain values at failure of the MWCNTs-GFRP coupons
are presented in Table 1. The strain results represent an increase in
strains of the MWCNTs-GFRP coupons by 12%, 12% and 14% for
0.25 wt%, 0.50 wt%, and 1.00 wt% of MWCNTs, respectively, com-
pared to that of the GFRP coupon samples without MWCNTs. The
mean strain value at failure for the UV-exposed 0.00 wt% UV GFRP
was 2.23 ± 0.10% representing a decrease in failure strain by 11%
compared to that of the UE GFRP of 2.51 ± 0.14%. This can be attrib-
uted to the fact that the UV induced significant microcracking as
shown later in the SEM images reduced the interfacial bond
between the epoxy matrix and glass fibers causing a relatively pre-
mature failure. The 0.25 wt% UV coupons showed a mean failure
strain of 2.67 ± 0.15%, which indicates a 4% drop in failure strain
compared with the effect of UV radiation on GFRP. The 0.50 wt%
UV coupons showed a 6% increase in failure strain due to exposure
to UV radiation, both exposed and unexposed coupons having a
mean failure strain of 2.98 ± 0.22% and 2.80 ± 0.17%. The 1.00 wt%
coupons showed a mean failure strain of 2.95 ± 0.1% indicating a
negligible improvement in failure strain compared with the effect
of UV radiation on GFRP. The above strain at failure results indicate
that UV radiation resulted in significant reduction in failure strain
of GFRP while it made no significant effect on MWCNTs-GFRP cou-
pons as shown in Fig. 10.
Fig. 9. Effect of UV radiation on tensile strength of the GFRP coupons with; (a) 0.00 wt
3.5. Failure modes

Unexposed and exposed GFRP showed the regular broom-like
failure as shown in Fig. 11. The broom-like failure of GFRP is attrib-
uted to the limited interfacial bond between glass fibers and the
epoxy matrix [34,35]. However, dispersing MWCNTs into the poly-
meric matrix prior to producing GFRP reduced this broom-like fail-
ure as shown in Fig. 11(a). This is attributed to the ability of the
MWCNTs to improve the interfacial adhesion between the epoxy
matrix and the glass fibers. No significant change in the mode of
failure was observed in the UV-exposed MWCNTs-GFRP showing
that UV radiation did not reduce the bond strength between
MWCNTs-epoxy nanocomposite and glass fibers as shown in
Fig. 11 (b).
3.6. Microstructural analysis

Glass transition temperature (Tg) was derived using DMA under
three-point bending configuration for the epoxy samples. Epoxy
samples with 0.00 wt% UE, 0.50 wt% UE, and 1.00 wt% UE obtained
the glass transition temperatures of 57 �C ± 0.3 �C. Hence, the
MWCNTs did not affect the Tg of the unexposed specimens. The
samples subjected to UV radiation, i.e., 0.00 wt% UV, 0.50 wt% UV,
and 1.00 wt% UV had Tg values of 56 �C, 60 �C, and 59 �C respec-
tively. An inference can be made that a small decrease was
observed in Tg when MWCNTs were not incorporated into the
epoxy matrix after UV exposure. However, the epoxy samples
incorporating MWCNTs showed a slight improvement in Tg after
subjecting to UV exposure. This increase in Tg might be attributed
to the improved crosslinking of the epoxy matrix with the energy
supplied by the UV radiation. The increase in Tg in the GFRP spec-
imens with MWCNTs after UV exposure could also be affected by
the black specimens getting hotter than the white ones due to sur-
face emissivity difference.
% MWCNTs; (b) 0.25 wt% MWCNTs; (c) 0.50 wt% MWCNTs; (d) 1.00 wt% MWCNTs.



Fig. 10. Stress-strain behavior of median GFRP sample incorporating MWCNTs with and without exposure to UV radiation.

Fig. 11. Tested coupons showing similar modes of failure from significant broom to
limited broom for GFRP coupons incorporation MWCNTs (a) without UV condi-
tioning (b) after UV conditioning.
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FTIR spectrographs for GFRP and MWCNTs-GFRP specimens
before and after UV exposure are compared in Fig. 12. The FTIR
analysis shows that all samples with and without MWCNTs display
the standard epoxy peaks; the absorption bands corresponding to
CAH band (2850–2930 cm�1), epoxide ring (�830 cm�1), NAH
band of primary amines (1590– 1615 cm�1), OAH groups
(�3350 cm�1), CAN band (1030–1115 cm�1), and ether bands
(�1230 cm�1) are all apparent and have similar relative ratios to
the base spectra as shown in Fig. 12. For GFRP specimens incorpo-
rating 0.50 wt% and 1.00 wt% MWCNTs, FTIR spectrographs show
the C@O stretch at 1738 cm�1, indicating that an esterification
reaction between the epoxy resin and the COOH group of the sur-
face functionalized MWCNTs took place during fabrication. This
shift at 1738 cm�1, due to esterification, was reported [36,37]. It
was the result of direct coupling between the carboxylic groups
in the MWCNTs and the hydroxyl groups in the epoxy resin.

In addition, it is important to note that all spectrographs show
peaks at 1039–1100 cm�1 which is attributed to (m Si–O–Si and
m C–O–C), peak at 1250–828 cm�1 attributed to (d C–H in Si–CH3),
and peak at 560 cm�1 attributed to (d Si–O–Si) as reported [38–40].
Besides, two peaks appeared at 1590– 1615 cm�1 which are attrib-
uted to N-H of primary (NH2) and secondary (>NH) amines in all
GFRP composites [41]. These peaks are attributed to the
chemical reaction occurred between the silane sizing material;
3-(aminopropyl) triethoxysilane (APTES); located on the glass
fibers surface and carboxylic groups of MWCNTs-epoxy nanocom-
posite and thus improved the tensile strength of MWCNTs-GFRP
compared with GFRP without UV exposure. It is important to note
that a relatively high carboxyl content is present for 1.00 wt%
MWCNTs. It is hypothesized that such high content of the carboxyl
group might have significantly improved the polymerization pro-
cess utilizing the UV radiation and thus improving the bond with
carboxyl group of MWCNTs and silane sizing of the glass fibers.



Fig. 12. FTIR spectrographs: Limiting disassociation of epoxy polymer backbone via MWCNTs incorporation.
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This phenomenon might have improved the strength of GFRP
incorporating 1.00 wt% MWCNTs after UV exposure.

Previous studies suggested that photo-degradation generates
carbonyl group (C@O) and olefinic double bond (C@C) through
chain scission and hydrogen bond dissociation from the polymer
backbone [42]. It can be noticed in Fig. 12 that these two absorp-
tion bands appeared at 1660 and 1738 cm�1, respectively, of the
GFRP spectrograph. There is a relative higher band intensity of
the C@O band at 1738 cm�1 apparent in exposed GFRP samples.
However, a much weaker band intensity of the C@O at
1738 cm�1 can be observed in the FTIR spectrographs of GFRP
incorporating both 0.50 wt% and 1.00 wt% MWCNTs. This indicates
that the MWCNTs were able to protect epoxy and prevent its back-
bone disassociation typically observed with UV exposure. It is well
known that carbon black is used for protecting polymers against
UV radiation [43]. It has also been reported that the photo-
stabilizing efficiency of carbon black depends mainly on its physi-
cal surface area [28,29]. Consequently, it is expected that MWCNTs
would have much better photo-stabilizing efficiency because of its
high surface area. This could be noticed from the lowering band
intensities of both C@O and C@C groups.

SEM micrographs showing the surface of the GFRP samples are
presented in Fig. 13. A grid pattern can be observed in most of the
images. The peel ply cloth used in the fabrication process creates
this grid pattern, and this pattern has no significance. Fig. 13(a)
is the 0.00 wt% UE sample showing no signs of microcracking. After
UV exposure, significant microcracking was observed (Fig. 13(b)
and Fig. 13(c)) all along the sample. SEM images for multiple sam-
ples of 0.00 wt% UV showed the same pattern of microcracking.
Another noticeable change is the exposure of the fibers in Fig. 13
(b) and (c) indicating a loss of epoxy matrix protection to the fibers.
On the other hand, GFRP samples with 1.00 wt%MWCNTs in Fig. 13
(d) and (e) before and after UV exposure showed no signs of micro-
cracking and no loss of epoxy matrix around the fibers. This can be
attributed to the ability of MWCNTs to act as a shield by blocking
UV radiation as reported by Asmatulu et. al [16]. Also, because of
their high specific strength, MWCNTs creates a polymeric
nanocomposite matrix that resist the microcracking. The SEM in
this study did not show formation of dense MWCNTs networks
after the exposure to UV radiation as reported by Petersen et. al
[17].

It is, therefore, hypothesized here that MWCNTs with its rela-
tively high carbon content might be able to protect GFRP against
UV exposure similar to carbon black in addition to its ability to
improve epoxy bond with glass fibers. Moreover, the carboxyl
groups of MWCNTs enhance photo stabilization through its restric-
tion effect on the movement of OH� and H+ ions, which are usually
generated from the surrounding humidity [24]. SEM images
showed no microcracking for GFRP coupons incorporating
MWCNTs after being subjected to UV radiation.

The method presented herein to improve UV degradation resis-
tance using MWCNTs can be generalized in GFRP manufacturing by
dispersing MWCNTs to the polymer resin prior to fabrication of
GFRP. The improved UV resistance enhances the performance of
externally bonded GFRP strengthening systems, GFRP deck sys-
tems, GFRP wall panels and GFRP profiles used to make FRP frame
structures [44]. Improving UV radiation resistance is a significant
benefit to GFRP windmills as used in windmill blades or windmill
shafts in offshore structures. The ability to eliminate UV degrada-
tion concern of GFRP composite would result in a significant



Fig. 13. SEM micrographs showing surface of GFRP (a) 0.00 wt% MWCNTs (neat) not exposed to UV (b) 0.00 wt% MWCNTs (neat) exposed to UV (c) close up of microcracks
and epoxy loss of 0.00 wt% MWCNTs (neat) exposed to UV (d) 1.00 wt% MWCNTs not exposed to UV (e) 1.00 wt% MWCNTs exposed to UV.

Table 2
Cost comparison in US$ of fabricating GFRP with and without MWCNTs.

Material units unit price Material Neat-GFRP 1.00 wt% MWCNTs-GFRP

S2 glass fibers (12in wide) ft. 3.00 8 24.0 24.0
Epoxy ml. 0.02 300 4.50 4.50
Vacuum bagging material ft. 3.00 1.3 3.90 3.90
MWCNTs-COOH gram 1.00 2.5 3.00
Total cost 32.40 35.40

Note: unit price of the materials are based on the supplier cost in 2019.
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economic return [9]. It is suggested that using such small quantity
of well-dispersed MWCNTs in the polymer resin during GFRP fab-
rication creates a new class of UV-resistant GFRP.

Finally, Table 2 presents cost analysis of fabricating GFRP with
and without MWCNTs considering individual material cost. Cost
analysis shows that incorporating MWCNTs (lower than 1.0 wt%)
in epoxy during GFRP fabrication would result in increasing GFRP
cost by �10%. This increase in cost corresponds to MWCNTs mate-
rial cost. It is important to note that additional one-time cost
related to investment in dispersion equipment shall be considered.
This is a relatively small cost increase compared with the cost asso-
ciated with applying a UV protective coating to all GFRP material
surfaces (including material and construction time) and mainte-
nance of this protective coating over the life of the structure.

Using MWCNTs concentrations above 1.00 wt% has the poten-
tial of agglomerating MWCNTs leading to a non-uniform disper-
sion and increases the viscosity of the polymer resin. This
reduces the quality of composite fabrication. Therefore, high con-
centrations of MWCNTs will not improve the mechanical proper-
ties of GFRP due to its negative effect on the fabrication process
as a result of increased epoxy viscosity. Further research is war-
ranted to identify the optimal MWCNTs content (between 0.50
and 1.0 wt%) to be used in industrial scale production of UV-
resistant GFRP using COOH-MWCNTs. The current study proves
the UV radiation resistance of GFRP with carboxyl functionalized
MWCNTs. Further investigations are necessary for using other type
of MWCNTs (Pristine and other functional groups) to produce UV-
resistant GFRP.
4. Conclusions

MWCNTs well-dispersed into the epoxy matrix prior to GFRP
fabrication can produce a UV-resistant GFRP composite. Of partic-
ular interest, is the improvement in tensile strength of GFRP incor-
porating MWCNTs when exposed to UV radiation and the
correlation of this improvement with the increase in MWCNTs con-
centration. Such improvement in mechanical properties of GFRP
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might be attributed to the improved bond of epoxy-MWNCTs to
glass fibers, which might take place due to the thermal effect of
UV radiation.

The experimental investigation showed that GFRP coupons not
incorporating MWCNTs experienced significant drop in tensile
strength when exposed to UV radiation. However, dispersing as lit-
tle as 0.50 wt% MWCNTs into epoxy prior to GFRP production sig-
nificantly improved the tensile strength of GFRP coupons
compared with GFRP produced with neat epoxy. Dispersing
MWCNTs into the polymer matrix developed a polymer nanocom-
posite with inherent stability to UV radiation. A relatively small
amount of MWCNTS with carboxylic functionalization, i.e., 0.5–
1.0 wt%, protected the GFRP against UV degradation. FTIR spectro-
graph showed significant bond disassociations within the epoxy
matrix without MWCNTs, while coupons with MWCNTs showed
lower bond disassociations specifically with newly formed chemi-
cal bonds. SEM images showed significant microcracking for GFRP
without MWCNTs post UV exposure. This microcracking was
absent in the samples with 1.00 wt% MWCNTs, showing the ability
of MWCNTs to improve GFRP resistance to degradation due to UV
radiation.
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