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ABSTRACT

Glass fiber-reinforced polymer (GFRP) composites have been widely used as reinforced materials in marine
engineering due to their good corrosion resistance and economic benefits. However, the mechanical properties of
GFRP are lower than that of composites reinforced by carbon and aramid fibers etc. Methods to improve the
mechanical properties of GFRP received ongoing attention. GFRP have various mechanical properties due to the
characteristics of its multiple phases. This study developed an optimized processing method based on multiphase
structures for GFRP composites, significantly enhancing the tensile properties of GFRP laminates. The modified
GFRP can be produced efficiently by this method to meet more utilization situations in marine engineering. The
influence of curing agents, silane coupling agents (SCA)-treated glass fibers (GFs), and nanomaterials on GFRP’s
tensile properties was investigated. The findings reveal a 10.64 % increase in the characteristic load of GF
bundles due to the improved bonding between fibers by SCA. Besides, the contact angle between SCA-treated GFs
and epoxy resin shows a significant reduction (26.69 %). Variations in ply thickness and resin system distinctly
influence the tensile properties and failure modes of GFRP laminates. Laminates with 4-ply GF fabrics facilitate
more effective load transfer across the matrix-fiber boundary, yielding optimal tensile properties for GFRP.
Epoxy/phenolic amine resin system with more reactive functional groups (-OH) enhances the fiber-resin
bonding, further improving the tensile properties of GFRP. The enhancement mechanism of the multiphase
structure in GFRP was elucidated by microscale characterization, indicating that the multiphase structures in
GFRP, enhanced by SCA, nanomaterials, and functional curing agents, significantly improve its tensile properties.

1. Introduction

performance shortcomings in the multiphase structure leads to weaker
mechanical properties of GFRP. Currently, the mechanical properties of

Fiber-reinforced polymer (FRP) composites have multiple phases,
including fibers, resin, and an interfacial phase. Each phase’s unique
characteristics contribute to the mechanical properties of FRP compos-
ites [1,2]. Methods to improve the mechanical properties of FRP are an
ongoing concern. GFRP is a multiphase composite material with
anisotropy. The mechanical properties of the resin matrix affect the ef-
ficiency of load transfer between fibers, which further affects the me-
chanical properties of GFRP. In addition, the smooth surface of glass
fibers (GFs), which have few active functional groups, leads to subop-
timal sizing effects between the GFs and the resin matrix [3]. These

FRP are mainly enhanced by using high-performance fibers and
improving resin-fiber interface properties. Glass fibers (GFs), while
inferior in tensile properties to other reinforcing fibers such as carbon,
basalt, and aramid, offer more economic benefits. The mechanical
properties of FRP also depend on the performance of the resin matrix
and the compatibility between the fibers and the resin matrix [4,5].
Sathishkumar et al. [6] summarized the influence of glass fiber types and
content on the performance of GFRP. Various GFRP with good me-
chanical, tribological, thermal and vibrational properties have been
used in electronics, aviation and automobile application etc. However,
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little attention has been paid to the effect of resin matrix on the me-
chanical properties of GFRP.

Various methods have been employed to enhance resin system per-
formance, including nanomaterials, geopolymers, fibers, and functional
curing agents [7]. Nanomaterials and functional curing agents have
proven particularly effective in strengthening the resin system. Using
carbon nanotubes, Pothnis et al. [8] increased the tensile strength of
glass fiber-epoxy composites by 27 %. Xiao et al. [9] observed a syner-
gistic effect of carbon nanotubes and nano-SiO, in enhancing the me-
chanical properties of epoxy resin. However, higher concentrations of
nanomaterials tend to agglomerate, leading to increased porosity in the
modified resin systems [10]. To address this issue, Yu et al. [11] pre-
pared epoxy nanocomposites by grafting polyacrylic acid onto gra-
phene, enhancing the dispersion of graphene in the resin and its
compatibility with epoxy resin. This incorporation of polyacrylic
acid-modified graphene resulted in a 41.04 % increase in tensile
strength and a 43.23 % increase in elastic modulus. Fulmali et al. [12,
13] improved the stress transfer efficiency of resin matrix and sizing
effect between resin and fibers by the use of carboxyl functionalized
multiwalled carbon nanotubes, resulting in enhanced mechanical and
durability-related properties of GFRP. Besides, Yang et al. [14] experi-
mented with epoxy resin using three different curing agents. The resin
cured with polypropylene glycol bis exhibited the lowest tensile strength
(32.7 MPa) and elastic modulus (1.8 GPa) but a significantly higher
elongation (62 %). In contrast, due to their crosslinked structures with
more rigid segments, the other resin systems displayed higher tensile
strength (72-77 MPa) and elastic modulus (2.9-3.2 GPa). To date, these
modified resin systems haven’t been used in the production of FRP.
There has been limited research on how the chemical structure and
mechanical characteristics of the resin matrix affect the mechanical
properties of GFRP.

Typically, the interface compatibility between a resin matrix and
fibers determines their adhesion properties, which are crucial for effi-
cient load transfer across the matrix-fiber boundary. Various methods
have been employed to augment interfacial bonding strength, including
roughening, nanomaterials, plasma, and silane coupling treatments for
fiber surface modification [15,16]. The type of surface treatment applied
to GFs influences composites’ interfacial bonding and failure strength
[17]. Zhao et al. [18] enhanced the fiber-matrix interfacial adhesion
significantly by grafting graphene oxide onto the surface of glass fiber
fabric. Chen et al. [19] developed multifunctional MXene-coated GFs
through a straightforward electrophoretic deposition process. This
resulted in an 8.1 % increase in the tensile strength of the GFs and a
22.4 % increase in the interfacial shear strength of composites, attrib-
uted to the nanosheets bridging the fiber surface defects. De et al. [20,
21] modified fiber surface by nanofillers achieved through electropho-
retic deposition technique, improving the interfacial bonding with
epoxy matrix. CFRP exhibited higher delamination resistance, flexural
strength and inter-laminar shear strength, even under a cryogenic con-
dition. However, altering the fiber surface topography to achieve higher
interfacial bonding strength remains challenging. In the case of glass
fiber reinforcement, mechanical interlocking due to surface roughness is
less significant [22]. Silane coupling treatment, on the other hand,
effectively enhances interfacial strength through strong physical and
chemical bonding between fibers and matrix. Murray et al. [23] modi-
fied GFs using a coupling-activator compound, promoting covalent
bonding between fiber and resin matrix. This was due to chain growth
from the activator moieties, leading to a 20-28 % increase in mechanical
properties and a 10-30 % improvement in fracture toughness of com-
posites. Due to the significant improvement in the interfacial interaction
among constituents of nanocomposites, the mechanical properties of
GFRP reinforced by silanized fibers and nanoclay were significantly
improved [24]. Nonetheless, few studies have focused on improving the
tensile properties of GFRP through multiphase structure modification.

Despite advances in understanding the mechanical properties of
modified resin systems and GFs, the analysis of enhancement
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mechanisms and the synergistic effect between each enhanced phase of
GFRP still demands special attention. This study aims to improve the
tensile properties of an epoxy resin matrix using modified nanomaterials
(Si02/Ti03) and functional curing agents. A silane coupling agent (SCA)
is prepared for excellent compatibility and interfacial bonding between
nanomaterials, the epoxy resin matrix, and GFs. This research in-
vestigates the modification mechanisms, microscopic morphology, and
tensile properties of the enhanced epoxy resin systems, GFs, and GFRP
laminates through a combination of macroscopic experimental data and
microstructure analysis. FTIR determines compositional changes in the
modified nanomaterials. The wettability of glass fiber surfaces is
assessed using a Contact Angle Meter. Morphological and elemental
changes in SCA-treated GFs are observed through SEM and EDX. Tensile
properties of the resin, GF bundles, and GFRP laminates with different
GF fabric layers (2, 4, 8 layers) are evaluated using a tensile method.
Meanwhile, the modification mechanisms of the multiphase structure in
GFRP are analyzed. This research holds practical and significant value in
preparing high-performance GFRP composites.

2. Experimental program
2.1. Materials

The specification of raw materials utilized in this study are itemized
in Table 1, encompassing epoxy resin (E51), three curing agents, silane
coupler, nano-TiO2, nano-SiOy, and glass fiber fabrics. The resin system,
comprising epoxy resin and low molecular weight polyamide 650 curing
agent (PA650), exhibited lower tensile strength [25]; hence, modified
nanomaterials were incorporated to enhance the system. The calculation
method of the amount of curing agent in epoxy resin is as follows:

Amount of curing agent = active hydrogen equivalent/epoxy
equivalent x 100 %

Based on prior test outcomes and the epoxy equivalent and active
hydrogen equivalent weight in the resin system [26], four epoxy resin
systems were selected in this study: (i) E51 and PA650 with a mass ratio
of 1:1; (ii) E51, PA650, and modified SiO,/TiO5 with a mass ratio of
50:50:1:1; (iii) E51 and phenolic amine curing agent (PAA) with a mass
ratio of 2:1; (iv) E51 and alicyclic amine curing agent (AA) with a mass
ratio of 2:1.

2.2. Silane coupling treatment of GFs and nanomaterials

Polar groups in the silane coupler (KH560) play a crucial role in
bonding inorganic and organic materials, enhancing composites’ inter-
facial properties. Silane coupling treatment for GFs and nanomaterials
was executed using a solution dipping method. This approach prepared
a 50 % ethanol-water solution (EtOH: H,O = 1:1). The silane coupler
content in SCA was 2 % to avoid the self-polymerization of hydroxyl
groups. The silane coupler was dissolved in the ethanol-water solution at
a mass ratio of 1:49, and the solution’s pH was adjusted to 4-5 by adding
acetic acid. Stirring was continued for 30 minutes to fully hydrolyze the

Table 1
The specification of materials used in this study.
Materials Specification
E51 Diglycidyl ether bisphenol-A with an equivalent epoxy weight
of 185-210 g/eq
PA650 The active hydrogen equivalent is 175-205 g/eq
PAA The active hydrogen equivalent is 105-115 g/eq
AA The active hydrogen equivalent is 100-110 g/eq

Nano-TiO,/Nano-
SiO,
Glass fiber fabrics

The particle size is 15 nm

The areal density and thickness of glass fiber fabrics are 200 g/
m? and 0.2 mm, respectively.
Silane coupler v-(2,3-epoxypropoxy) propytrimethoxysilane

(KH560)
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silane molecules into silanol groups at room temperature (22 + 2 °C).

Before this treatment, the GFs underwent a cleaning process to
remove surface impurities. Initially, pre-sized glass fiber fabrics were
immersed in an acetone bath for 24 hours. Following repeated washing
in distilled water with ultrasonication, the fabrics were dried in a vac-
uum oven at 50 °C for 24 hours. Subsequently, the cleaned glass fiber
fabrics were immersed in the silane coupling agent (SCA) for one hour at
room temperature (22 + 2 °C) [27,28]. The modified glass fiber fabrics
were finally acquired after drying in a vacuum oven at 50 °C for
24 hours.

To address the agglomeration issue of nanomaterials, nano-TiO2 and
nano-SiO, were modified using SCA. The production process of the
modified nanomaterials and the epoxy resin matrix is depicted in Fig. 1.
Considering the dispersion of nanomaterials in SCA, 20 wt% of nano-
materials were mixed into SCA and stirred continuously for five hours to
ensure complete reaction with silanol groups. The modified nano-
materials were washed with anhydrous ethanol to avoid hydroxyl self-
polymerization, and dried in a vacuum oven at 50 °C for 24 hours to
avoid the adverse effects of moisture [29,30]. Due to agglomeration of
nanomaterials after drying, the nanomaterials were mechanically
treated at 300 rpm for 10 min using a planetary ball mill to obtain fine
powders. The diameter of steel balls for grinding is 2, 3, 5 and 10 mm.
Based on previous research, the resin system containing epoxy resin and
PA650 was enhanced with 1 wt% modified nano-TiO» and nano-SiO,.
Stirring was continued for 15 minutes to achieve a well-dispersed resin
matrix.

2.3. Resin and GFRP laminate specimen preparation

Based on GB/T 2567 [31], four epoxy resin systems, named EPA650,
EPA650-Md, EPAA, and EAA, were cured in silicone molds at room
temperature (22 + 2 °C) for one day. The standard length for resin
tensile specimens was set at 50 mm. GFRP laminates were fabricated
using the hand layup technique. During production, mild steel molds
measuring 350 x 350 x 50 mm?®, vacuum compression bags, and a
vacuum pump were utilized. The self-manufactured laminates measured
300 mmx300 mm in two-dimensional size, varying thickness based on
the number of GF fabric layers and the resin matrix. This study prepared
GFRP laminates with two, four, and eight-ply GF fabrics. The
SCA-treated GF fabrics were used only with EPA650-Md. The other
resin-based (EPA650, EPAA and EAA) GFRP laminates made with
common GF fabrics. The resin matrix to glass fiber fabric mass ratio was
maintained at 3:2. As per ASTM D3039 [32], the GFRP composites were

Deionized water H Silane coupler @

Anhydrous ethanol
\/\ié — ﬁ:‘

{
'

Acetic acid

Nanomaterials
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sectioned for various tests. The standard length for GFRP laminate
tensile specimens was 100 mm. The resin and GFRP laminate specimens’
detailed shapes and dimensions are depicted in Fig. 2. These laminate
specimens were designated based on the resin system types and the
number of GF fabric layers. For instance, EPA650-2 L. denotes GFRP
laminates with an EPA650 resin system and two GF fabric layers.

2.4. Test methods

The tensile properties of GFs, resin, and GFRP laminate specimens
were evaluated using a universal testing machine at a displacement rate
of 2 mm/min (see Fig. 3). Five samples were tested for each resin and
GFRP laminate type to obtain average values under each condition.
Additionally, fifty GF bundle samples, each with a 200 mm standard
length, were prepared from untreated and treated glass fiber fabrics. The
tensile behavior of GF bundles was analyzed using the Weibull distri-
bution based on the weakest link theory [33]. As the interactions be-
tween nanomaterials, GFs, and SCA are not directly observable, FTIR,
SEM, and EDX were employed to examine the surface changes of
nanomaterials and GFs following SCA treatment. FTIR allowed for an
indirect qualitative analysis of the reactions between nanomaterials and
SCA based on changes in chemical bonds and functional groups. The
chemical composition on the surface of GFs could be further identified
both qualitatively and quantitatively using EDX. In addition, the
apparent contact angle qualitatively assessed the sizing effect between
the modified GFs and epoxy resin.

3. Results and discussions
3.1. Tensile behaviors of SCA-treated GF bundles

The tensile behaviors of both treated and untreated GF bundles were
investigated through tensile tests. Fig. 4(a) reveals the correlation be-
tween GF bundles’ ultimate tensile load and peak deformation. Due to
the inherent brittleness of GFs, their tensile strength typically displays
significant variability [34]. The ultimate tensile load for the modified GF
bundles rose from 36—85N to 50—94 N, which is attributed to the
improvement of bonding between fibers. Fig. 4(b) shows that the GF
bundles exhibited varied tensile behaviors post-SCA treatment. The
enhanced GF bundles demonstrated higher ultimate tensile loads and
rigidity due to the filling of SCA between fibers. In addition, the modi-
fied GFs were prone to brittle fractures under high loads. In contrast,
individual fibers in untreated GF bundles, lacking this constraint, failed
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4
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Rinse with
Silane coupling agent [> Mix for 30 minutes :> Mix for 5 hours |:‘> anhydrous ethanol
- —C
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nanomaterials
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Fig. 1. The manufacturing process of modified nanomaterials and resin.
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Fig. 3. Testing machines for (a) resin and GFRP, and (b) glass fiber bundles.

at varying deformations, leading to a progressive failure.

The brittle nature of GF bundles resulted in a stochastic distribution
of their ultimate tensile load. A gage-length dependent Weibull distri-
bution aptly characterizes the fiber tensile behaviors [35]. The fibers’
cumulative failure probability is expressed as follows

16
Fop = 1—exp| ‘B%) ] &)

where F(,) is the cumulative failure probability of a fiber of length l at a
strength level of o; Iy is the reference gage length; 6o and m are the
experimentally determined Weibull scale and modulus parameters,
respectively. Eq. (1) can be employed to scale the fiber strength to
different gage lengths. In the case where all fiber specimens have the
same length, the cumulative failure probability of fiber can be given by

—1-exp[— (%)=t

= 2
oo N+1 ()

where i is the ranking of the specimen that broke at strength o;; N is the
total number of fiber specimens at that particular length. The ultimate

tensile load of GF bundles was ranked as i=1, 2, 3, ...,
load order.

Fig. 5 depicts the Weibull parameter estimation for GF bundles. The
fitting curves to the experimental data yielded the Weibull scale and
modulus parameters. The scale parameter o is the load at which 63.2 %
of the fibers break (F,y = 0.6321). A higher value of m suggests that
GF bundle failures occur within a more confined range of failure load
[36]. The characteristic load ¢ experienced a 10.64 % increase in the
treated GFs due to SCA’s constraining effect. In addition, the rise in the
Weibull modulus parameter m indicated that the ultimate tensile loads
for GF bundles were concentrated in a narrower range. The SCA modi-
fication led to a modest improvement in the characteristic load of GF
bundles and altered the fracture mode of the modified GF bundles.

N in increasing

3.2. Tensile properties of different epoxy resin systems

The tensile properties of four epoxy resin systems are illustrated in
Fig. 6. According to GB/T 2567 [30], the ultimate tensile strength (UTS),
elastic modulus, and breaking elongation are calculated. Previous
studies [37] have shown that the UTS, breaking elongation, and elastic



Y. Cao et al.

110
o GFs
100 9 GFs-M
[ 9--—------ [
% 90 - : 03 :
S b, e e m— == - Ty - JR—
< g i1 °g° 1
Qo (] ° 9 i W
b=} o eo 8 ) \ (=]
£ 70F | ° 3 an ° R
1) 1ol ° Q=&
= e %9 g o w
%9 - 9 i Z
L ok ! Qo ° ° 9 9
< |+ 2933 o | &
E | ° ° @ i [
S sof T80T oy ----1t |7
D :o ) :
40 ° !
L [ - v
30 1 1 1 1
2.0 2.5 3.0 3.5 4.0

Peak deformation/mm

(2)

Materials Today Communications 40 (2024) 110225

120
—o— GFs-a
—a— GFs-b Do
100 0™ Gree 289,
—o— GFs-Md-a °\
Z 80 —o— GFs-Md-b RS
—o— _ ~ \
§ o— GFs-Md-c 99%300 9 q° \o
> 60+ %, \ \
‘B a O
g L [T
— 40 ° °\ Y
\ » wGradual
2 “\% \° \ofailurc
L , \ \
Brittle\° '
o . . fracture), f‘o% . o,
0 1 2 3 4 5
Deformation/mm

(b)

Fig. 4. Tensile behaviors of GF bundles: (a) the relationship between ultimate tensile load and peak deformation, and (b) tensile load-deformation curves.

E 10F| & GFs
B GFs-Fit
_‘g o0  GFs-M
© 0.8 F —— GFs-M-Fit
o
g F(o)=1-exp[-(a/0,)"]
= L I = 7 S
= F(0)=0.6321
= | 6,=76.00
Z04r 1 m=7.37
) & 1 R>=097
2 ! |
b= 02F \ ,
E o
E 00 b
. - ] I
U 1 1 1 : 1 ! 1 1

98]
(=]
~
(=]
w
S

60 70 80 90 100
Force/N

Fig. 5. Weibull parameter estimation of GF bundles.

modulus of TiO2/SiO2-modified epoxy resin decrease with an increase in
nanoparticle weight percentage, primarily due to nanoparticle
agglomeration. However, the breaking elongation of EPA650-Md

W
(=}

N3 (9% N
(=} (=} (=}

Ultimate tensile strength/MPa

(=}

EPA650 EPA650-Md EPAA

(a)

Fig. 6. Tensile properties of epoxy resin systems: (a) ultimate tensile strength and (b) elastic modulus and breaking elongation.

EAA

exhibited a significant increase of 55.41 %. This improvement is likely
attributable to the functionalization of nanomaterials by SCA. The
functional groups on the surface of these nanomaterials enhance
dispersion and strengthen molecular interactions [38]. The resin sys-
tems, employing different curing agents, exhibit distinct chemical and
crosslinking structures, which influence the tensile properties of the
resin specimens. Notably, EPA650-Md demonstrated the highest
breaking elongation (7.60-7.91 %) due to its flexible chain structure,
while EPAA and EAA exhibited superior UTS (31.59-36.53 MPa and
37.82-41.43 MPa) and elastic modulus (3.61-3.72MPa and
3.2-3.67 MPa). These resin systems (EPAA and EAA) possess a cross-
linked structure with more rigid segments, enhancing tensile strength
[39,40]. However, it is challenging for these resin systems to simulta-
neously achieve high strength and ductility. The UTS and elastic
modulus of resins generally increase as breaking elongation decreases,
mainly because of variations in the chemical structure of the resin
systems.

The range of stress-strain curves and toughness values of the epoxy
resin systems are depicted in Fig. 7. The tensile specimens with EPAA
and EAA failed at higher stress, while those with EPA650-Md failed
because of higher strain. The incorporation of nanomaterials notably
affected the elastic modulus and ductility of EPA650. EPA650-Md
showed an improved balance between strength and deformation
compared to other resin systems. Numerical integration based on the

Elastic modulus/MPa
Breaking elongation/%

EPA650 EPA650-Md

EPAA

(b)

EAA
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Fig. 7. Stress-strain curves and toughness of epoxy resin systems.

trapezoid method was used to calculate the toughness of epoxy resin
systems as the area under the stress-strain curves shown in Fig. 7 [41]. In
particular, the enhancement in toughness of EPA650-Md
(147.72-151.67 J/m?) can be attributed to the effective bonding be-
tween the resin matrix and nanoparticles. The effect of functional
nanomaterials on the enhancement of resins has been demonstrated in
the previous studies [42,43]. Conversely, the toughness of EPAA and
EAA markedly decreased due to their rigid structure.

3.3. Tensile properties of GFRP laminates based on different epoxy resin
systems

3.3.1. Influence of size effect in GFRP laminates

Modern fabrication technology enables the thinning of plies, offering
several benefits, such as reduced void volume fractions and diminished
interlaminar cracking. However, the thickness of the plies in laminates
exerts notable influences on their mechanical properties [44].

The UTS of GFRP laminates with two, four and eight-ply GF fabrics is
depicted in Fig. 8(a). The results indicate that GFRP laminates with four-
ply GF fabrics achieved the highest UTS, except in specimens utilizing
EPA650. Previous studies have shown that fiber breakages are the pri-
mary failure mechanisms in thinner laminates [45]. The breaking
elongation of brittle glass fiber fluctuates within a certain range of
1-5 %. Due to EPA650’s high breaking elongation (4.80-5.18 %), the
GFs in EPA650-2 L could undergo more extensive deformation at lower
stress. Consequently, as Fig. 8(b) and (c¢) demonstrates, EPA650-2 L
exhibited the highest breaking elongation (1.96-2.04 %). In laminates,
GFs primarily bear the tensile load. Thus, EPA650-2 L exhibited the
lowest UTS (66.17-68.46 MPa). As the GF fabric layers in laminates
with EPA650 (EPA650-4 L and EPA650-8 L) increased, the UTS and
elastic modulus improved. However, the breaking elongation of
EPA650-4 L. and EPA650-8 L. decreased, which is attributable to
EPA650’s inferior tensile strength and poor resin-fiber interface prop-
erties. The highest UTS of GFRP with EPA650 was 121.37 MPa.

Due to the performance optimization of the multiphase structure
(EPA650-Md and SCA-treated glass fiber fabrics) in GFRP, a significant
improvement in the tensile properties of EPA650-Md-based GFRP lam-
inates. The toughened resin matrix and improved fiber-resin interfacial
adhesion contributed to this enhancement. EPA650-Md-2L and
EPA650-Md-4 L exhibited higher UTS (133.6-136.97 MPa and
157.12-169.79 MPa) and breaking elongation (2.05-2.25% and
1.99-2.11 %) than EPA650-2 L. and EPA650-4 L. However, the tensile
properties of EPA650-Md-8 L decreased. As the ply thickness increases,
the failure mechanisms of the laminates include fiber breakage and
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fiber-matrix debonding [46], and the anisotropy of the multiphase
structure leads to varying stress levels between layers. The highest stress
was observed in the top and bottom layers, while the middle layers
experienced reduced stress [47]. Despite the modification of EPA650
with nanomaterials, there is no increase in its tensile strength, making it
difficult to transfer the tensile load effectively between fibers. Conse-
quently, EPA650-8 L and EPA650-Md-8 L exhibited similar tensile
properties. The overall performance of the EPA650-Md-4 L can be uti-
lized due to the thinner thickness, which avoid uneven interlayer
stresses. The improvement of resin toughness and fiber-resin interfacial
performance can improve the tensile properties of GFRP. However, the
UTS and elastic modulus of the resin matrix affects the efficiency of
stress transfer between layers. It is necessary to investigate the effect of
these factors on the tensile properties of GFRP.

The breaking elongation of EPAA-2 L (1.24-1.42 %) and EAA-2 L
(1.06-1.25 %) is much smaller than EPA650-based GFRP (1.96-2.25 %)
because of EPAA’s and EAA’s rigid structures. But the UTS of both EPAA-
2 L (125-147 MPa) and EAA-2 L (117.09-120.94 MPa) were improved
compared to the EPA650-based GFRP. Due to the higher UTS and elastic
modulus of EPAA and EAA, the load transfer efficiency between fibers
was improved. GFRP laminates with four and eight glass fiber fabrics
exhibited stable tensile properties. However, those resin systems cannot
completely eliminate uneven loading between layers. The tensile prop-
erties of the laminates with eight-ply GF fabrics were slightly inferior to
those with four-ply GF fabrics. The UTS and toughness of GFRP with
four-ply GF fabrics were significantly improved by the use of EPAA and
EAA.

The microstructural heterogeneity induced by bridging fibers and
resin matrix may become the primary sources of the observed variations
in mechanical fracture behaviors [48]. Fig. 9 indicates that GFRP lam-
inates with two glass fiber fabrics failed due to the breakdown of the
resin matrix. The GFs, unrestrained by the resin matrix, fractured
readily. In laminates with four glass fiber fabrics, both GFs and the resin
matrix failed, and the emergence of interfacial debonding between GFs
and the resin matrix contributed significantly to laminate fractures.
However, the lower UTS of EPA650 and EPA650-Md caused internal
delamination in GFRP with eight-ply GF fabrics, resulting in ineffective
load transfer between fibers. Although the tensile properties of GFRP
can be improved by using EPAA and EAA, the uneven loading between
layers cannot be completely eliminated. The uneven loading caused
damage from outside to inside, reducing effective force area of GFRP. As
a result, EPAA and EAA-based GFRP with eight-ply GF fabrics had a
relatively flat tensile cross section at damage. Appropriate ply thickness
of composites allows each phase in the GFRP to bear the tensile load
simultaneously. Meanwhile, the uneven loading between layers in GFRP
with eight-ply GF fabrics caused internal delamination and uneven
destruction, reducing the tensile properties of laminates.

3.3.2. Tensile properties of GFRP laminates with different resin systems

Due to the superior tensile properties of laminates composed of four-
ply GF fabrics, researchers chose these specimens to examine the impact
of different epoxy resin systems on tensile characteristics. Fig. 10 illus-
trates the tensile properties of GFRP laminates with varied epoxy resin
systems. Fig. 10(a) and (b) indicate that the tensile properties of GFRP
can be improved by the simultaneous use of toughened resins (EPA650-
Md) and SCA-treated GF fabrics. As shown in Table 2, the UTS of GFRP
with low strength resin systems (EPA and EPA-Md) increased with the
resin breaking elongation of resin. However, the enhancement in tensile
properties by EPA650-Md was partly limited due to its flexible chain
structure. GFRP with EPAA and EAA exhibited the higher UTS, elastic
modulus, and breaking elongation (1.9-2.1 %) owing to rigid chemical
structure.

Fig. 10(c) reveals that the ultimate strain of laminates can be
enhanced by increasing the ductility (EPA650-Md), UTS and elastic
modulus (EPAA and EAA) of the resin systems. Additionally, the
improvement in fiber-resin interfacial adhesion further augments the
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Fig. 8. Tensile properties of GFRP with different GF fabric layers: (a) Ultimate tensile strength, (b) stress-strain curves and toughness, and (c) elastic modulus and
breaking elongation.
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tensile properties of the laminates. EAA, possessing fewer reactive
functional groups (-OH) than the EPAA resin system, resulted in weaker
fiber-resin interfacial adhesion than EPAA-4 L. The increased number of
reactive functional groups (-OH) in EPAA enhanced the bonding be-
tween GFs and the resin matrix, improving the tensile properties of
EPAA-4 L. EPAA-4 L reflected a balance between strength and defor-
mation, achieving the highest toughness value. As the UTS and elastic
modulus of the resin matrix and the fiber-matrix interfacial adhesion
increased, the tensile load was transferred more effectively across the
matrix-fiber boundary. The expansion of debonding area in laminates
with enhanced tensile properties indicated that each phase in the GFRP
can fully bear the tensile load.

3.4. Enhancement mechanism analyses

3.4.1. Determination of functional groups of SCA-treated nanomaterials
The composition of the epoxy resin is complex and the functional

groups in the SCA cannot be highlighted by FTIR. Thus, FTIR was
employed to identify the functional groups added to the nanomaterials’
surface by SCA. Fig. 11 displays a characteristic spectrum featuring the
following major peaks: (a) a strong absorption band at 468 cm™!
attributed to Si-O; an absorption band at 810 cm™! linked to Si-OH; an
absorption band at 1098 cm ! from the Si-O-Si band [49]; (b) an ab-
sorption band in the 500-700 cm ™! range due to Ti-O [50]. Absorption
bands at 950 cm ™! associated with SiOCH3, 1010—1090 cm ™! due to
CH,OCH, 1022 em ! from the Si-O-Ti band, and two pronounced ab-
sorption bands at 2860,/2880 and 2930,/2940 cm ™, related to CH, and
CHj3 vibrations of SCA, were detected in the SCA-treated nanomaterials,
confirming the incorporation of SCA onto the nanomaterials’ surface
[51].

3.4.2. Morphological properties
The surface structure and elemental composition of GFs were
analyzed using SEM and EDX. SEM examination concentrated on
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Fig. 10. Tensile properties of GFRP laminates with different epoxy resin systems: (a) ultimate tensile strength, (b) elastic modulus and breaking elongation, and (c)

stress-strain curves and toughness.

Table 2
The UTS and breaking elongation of resin and laminates.

Sample name UTS/MPa Breaking elongation/%
GF / 1-5

EPA650 25-30 4.8-5.2

EPA650-Md 28-30 7.6-7.9

EPA650-4 L 98-106 1.3-1.4
EPA650-Md—4 L 157-170 1.9-2.0

EPAA 32-37 0.9-1.1

EPAA-4L 210-223 2.0-2.1

EAA 38-41 1.2-1.4

EAA—4L 202-215 1.9-2.0

observing the topography of the GFs’ surface, employing thermal
emission electron optics. As illustrated in Fig. 12(a), the surface of un-
treated GFs appears smooth, resulting in weaker adhesion between the
resin matrix and GFs. In contrast, the surface morphology of SCA-treated
GFs, as shown in Fig. 12(b), is rougher than that of untreated GFs. This
roughness enhances mechanical interlocking between the resin matrix
and GFs. In addition, the SCA strengthened the bonding between fibers,
resulting in the improvement of GF bundles’ rigidity and tensile
strength. EDX was employed to conduct a chemical elemental analysis of
GFs, capitalizing on the fundamental spectroscopy principle that each

element possesses a unique atomic structure, manifesting as a distinct
series of peaks in its electromagnetic emission spectrum. The silane-to-
oxygen ratio in both untreated and treated GFs was quantified using
EDX. An increased silane-to-oxygen ratio indicated the successful inte-
gration of SCA onto the GFs’ surface. The roughness and chemical re-
action bonding of the treated GFs had a synergistic effect, improving
fiber-resin interfacial bonding strength.

3.4.3. Contact angle between epoxy resin and GF bundles

The modified GFs’ enhancement effect on the sizing of epoxy resin
was assessed by measuring the contact angle between the epoxy resin
and GF bundles. Fig. 13 indicates that the contact angle between the
epoxy resin and GFs diminished as processing time increased. The
contact angle between the epoxy resin and GF bundles was 33.31° before
SCA treatment. After the SCA treatment for one hour, the contact angle
between resin and GF bundles showed a significant reduction (24.42°).
This decrease was attributed to incorporating polar groups, which
allowed GFs to achieve a more effective sizing with epoxy resin.

3.4.4. Enhancement mechanism of multiphase structure in GFRP

The silane coupler KH560 is comprised of a coupling-activator
compound, with the formula Y-(R)n-Si-X. In this formula, X signifies a
hydrolyzable coupling moiety (-OCH3) that can bond to the surfaces of
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GFs and nanomaterials, Y denotes an epoxy group (-CH2(O)CH), and (R)
n represents one or more polymerization activator moieties (-CHs-).
Fig. 14(a) indicates that the X groups dissolved under specific condi-
tions, resulting in the complete hydrolysis of silane molecules into
silanol groups. SCA is synthesized via a dehydration condensation re-
action of polar groups (-OH), as demonstrated in Fig. 14(b). In this
process, the silanol groups in SCA can interact with the polar groups
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Fig. 14. Reaction mechanism of (a) SCA and (b) SCA-treated phase in GFRP.

(-OH) on the surfaces of GFs and nanomaterials. Subsequently, the Y
groups in the SCA molecular chain can react with the epoxy resin matrix,
enhancing the interfacial adhesion among nanomaterials, GFs, and the
resin matrix. In addition, the increased roughness of the GFs’ surface due
to SCA treatment also enhances the mechanical interlocking force.
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Collectively, these elements contribute to the improved tensile proper-
ties of the multiphase structure in GFRP.

4. Conclusion

A comprehensive investigation combining macroscopic experi-
mental data and microstructural analysis is conducted to evaluate the
effect of multiphase structure optimization on the tensile properties of
GFRP. The SCA can effectively modified the nanomaterials and GF,
increasing the toughness of resin system, characteristic load of GF and
wetting effect between GF and resin matrix. The resin system (EPA650)
with long molecular chain achieved a greater ductility. Besides, the
functional nanomaterials can further increase the breaking elongation of
resin system (EPA650-Md). Conversely, the resin system with rigid el-
ements and smaller molecular spacing between reactive functional
groups (EPAA and EAA) showed a higher ultimate tensile strength and
elastic modulus.

Laminates with four-ply GF fabrics facilitate more effective load
transfer across the matrix-fiber interface, resulting in better tensile
properties for GFRP. However, the uneven loading between layers in
GFRP with eight-ply GF fabrics caused internal delamination and un-
even destruction, reducing the tensile properties of laminates. In addi-
tion to the effect of ply thickness, the resin systems and interfacial
performance had significantly influence in the tensile properties of
GFRP. The tensile properties of GFRP improved by the simultaneous use
of toughened resins (EPA650-Md) and SCA-treated GF fabrics, but the
enhancement in tensile properties is partly limited due to flexible chain
structure of the resin system. GFRP made of resin system (EPAA and
EAA) with rigid elements exhibited the better tensile properties. Besides,
more reactive functional groups (-OH) in EPAA enhanced the fiber-resin
bonding, further improving the tensile properties of EPAA-4 L.

The main factors affected the tensile properties of GFRP were resin
systems and interfacial performance between resin matrix and GF. The
tensile properties of GFRP can be significantly improved by the use of
functional nanomaterials, fibers and resin system. These factors
increased the load transfer efficiency between resin-fiber boundary and
ensured the performance of GF during the loading process. In the future
researches, it is necessary to develop resin systems and functional fibers
with more reactive groups and good mechanical properties. The utili-
zation of these functional materials will significantly improve the per-
formance and preparation efficiency of GFRP.
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