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ABSTRACT

This study investigates the effects of Boric Acid (BA) , H;BO;, and Sodium Silicate (SS), Na,SiOj, as single
fillers on the mechanical and fire-resistant properties of Glass Fiber Reinforced Polymer (GFRP)
composites. Various compositions of BA and SS were incorporated into the GFRP matrix, and the
resulting composites were analyzed using X-ray Diffraction (XRD), Fourier Transform Infrared
Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), Thermo-Gravimetric Analysis (TGA), and
Differential Thermal Analysis (DTA). The results demonstrate that BA significantly enhances the
amorphous structure and mechanical strength of GFRP composites, with optimal performance at 10% BA
content. In contrast, SS improves thermal stability but reduces mechanical strength at higher
concentrations due to agglomeration. Fire resistance testing revealed that both fillers increase the ignition
time and decrease the burning rate, with BA exhibiting superior performance. These findings suggest that
BA is a more effective filler for improving the mechanical and fire-resistant properties of GFRP

composites, while SS can serve as a complementary additive to enhance thermal stability.

Keywords-GFRP composites; boric acid; sodium silicate; mechanical properties; fire resistance

I.  INTRODUCTION

GFRP is extensively utilized across various industries,
including aerospace, automotive, railway, electronics, and
sports equipment [1]. The incorporation of Glass Fiber (GF)
enhances the material's strength, stiffness, and resistance to
fatigue and corrosion [2, 3]. Unsaturated Polyester Resin
(UPR), employed as the matrix, provides good adhesion to the
glass fibers and is a cost-effective solution. GFRP offers
several advantages, such as a high strength-to-weight ratio, low
production costs, and excellent performance [4]. However,
GFRP is susceptible to damage from prolonged exposure to
ultraviolet light, humidity, temperature fluctuations, rain, and
fire [5, 6]. The material's flammability poses a challenge in
certain applications. Fire resistance is crucial, as combustion
involves fuel, oxygen, and heat [7-9]. The carbon chains in
GFRP readily decompose when exposed to fire and oxygen,
which can be mitigated by incorporating fire retardants. These
retardants function by reducing fuel availability, limiting
oxygen supply, and absorbing heat, thereby interrupting the
combustion cycle, either at its onset or during its progression
[10, 11]. Fire retardants in polymers serve three primary
purposes: fuel reduction, oxygen inhibition, and heat
absorption [12-14]. Certain fire retardants can also melt at high
temperatures to form a protective layer, preventing further fire
spread [15]. These properties make fire retardants essential for
safety, as they are effective, non-toxic, and environmentally
friendly. BA is a notable fire retardant frequently employed to
safeguard flammable substances. As a fire-resistant coating,
boric acid can enhance the fire-resistant properties of materials
by penetrating wood and wood fibers [16]. Its porous structure

provides excellent thermal insulation, minimizing heat transfer
and protecting the material from fire damage. This coating
functions as an effective fire barrier, reducing material
degradation [17, 18]. SS is another fire retardant that forms an
insulating membrane layer, which decreases heat transfer and
protects materials from damage. The addition of SS during
composite manufacturing promotes the formation of
polysilicate, creating a protective layer on the composite
surface upon heat exposure, thereby enhancing the fire-resistant
properties [19]. This ultimately results in improved product
performance and fire resistance within the composite [20, 21].
Combining two or more flame-retardant materials can further
enhance the fire resistance of composite materials. For
instance, it was demonstrated that combining boric acid and
Montmorillonite nanoclay (MMT) substantially improved the
combustion resistance of composite materials, primarily due to
BA's inherent fire-resistant properties [22]. While the addition
of BA-MMT increased flexural strength, it resulted in a slight
decrease in tensile strength. A study reported that incorporating
0.5% BA by weight yielded optimal improvements in tensile
strength, shear strength, elastic modulus, shear modulus, and
Poisson's ratio, with respective increases of 24.78%, 8.75%,
25.13%, 11.24%, and 12.5% [23]. However, the glass transition
temperature (7,) of the composite decreased with increasing
BA content, reaching its lowest at a 1% concentration.
Furthermore, interlayer delamination and matrix/fiber failure
were observed in all samples. Hybrid materials with SS and
polyisocyanate fillers, were explored, finding enhanced heat
release rates, fire spread rates, decomposition rates, and
increased residue and Limiting Oxygen Index (LOI) values
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compared to rigid polyurethane materials [24]. The addition of
AlL,O; and SiO, further enhanced the composite's thermal
stability [25]. The flexural strength of the SiC¢/SiOC composite
also increased with SS filler content; nevertheless, excessive
SS reduced density and increased porosity by obstructing the
infiltration path [26].

Previous studies have demonstrated the effectiveness of
incorporating BA and SS fillers in mitigating the flammability
issues of GFRP composites [27, 28]. However, the impacts of
single fillers on the fire resistance and mechanical properties of
GFRP composites remain underexplored. This research aims to
address this knowledge gap by investigating the influence of
single BA and SS fillers on the mechanical characteristics and
fire resistance of GFRP composites.

II. MATERIALS AND METHODS

A. Material Preparation

This study employed orthophthalic UPR type 268 BQTN
provided by Singapore Highpolymer Chemical Products
(SHCP). The resin was cross-linked using Methyl Ethyl Ketone
Peroxide (MEKP) with the MEPOXE brand produced by PT
Kawaguchi Kimia Indonesia. E-glass Chopped Strand Mat
(CSM) and Woven Roving (WR) fibers, type EMC200, from
PT Makmur Fantawijaya Chemical Industries were utilized as
reinforcement. The BA filler was supplied by Heansa Kimia,
sieved to 200 mesh, and oven-dried at 125°C for 30 minutes to
reduce moisture content. The SS solution was prepared by
dissolving 10 wt% of silica-rich pumice particles in 2 M NaOH
at 95°C for 2 hours under continuous stirring at 300 rpm. The
solution was filtered to remove residues and impurities, then
precipitated with 10 mL of ethanol and 5 M HNO3 at 65°C and
pH 7. The resulting silica gel was filtered, washed with hot
distilled water to eliminate impurities, and dried at 80°C for 4
hours [29].

B. Composite Preparation

Composite materials were produced utilizing a combination
of hand lay-up and compression molding procedures utilizing a
release agent-coated glass mold with dimensions of
300x200x3.2 mm for various compositions, including 70-80%
UPR, 20% GF, and 0-10% fillers as shown in Table I.

TABLE L. COMPOSITION OF GFRP COMPOSITES
Sample GF (% wt) | UPR (% wt) | BA (% wt) | SS (% wt)
C 20 80 - -

CBAI1 20 78 2

CBA2 20 76 4

CBA3 20 74 6

CBA4 20 72 8

CBAS 20 70 10 -
CSS1 20 78 - 2
CSS2 20 76 - 4
CSS3 20 74 - 6
CSS4 20 72 8
CSS5 20 70 10

The UPR and the filler were blended at 3000 rpm for 5
minutes, and the resulting mixture was left to remove all air
bubbles. Additionally, the MEKP was added at 1% wt and

mixed at 3000 rpm for 1 minute to achieve a homogeneously
filled matrix. The matrix was then poured into the mold and
leveled across three layers of GF configuration (CSM-WR-
CSM). Finally, the mold was covered with a coated glass and
allowed to undergo a 24-hour curing process. The composite
was subsequently removed from the mold and post-cured at
105°C for 60 minutes to ensure complete crosslinking and
remove any residual moisture. All test specimens were
prepared by cutting the GFRP composite into standard shapes
for each test.

C. Characterization and Testing

The fracture surfaces of the composite material were
characterized using a JEOL JCM-7000 SEM. TGA and DTA
were performed on an STA PT 1600 instrument, with a heating
rate of 20°C/min from 30 to 600°C under a dry air atmosphere.
FTIR was conducted using a Shimadzu IR Prestige-21
spectrometer, covering a wavenumber range of 400-4000 cm-1.
XRD analysis was performed using a Bruker D8 Advance 3kW
diffractometer equipped with a LynxEye XE-T detector and a
Cu K-alpha radiation source. Macro-photography was utilized
with a Canon DSLR EOS 700D camera, featuring an 18-55mm
macro lens and an 18 MP CMOS sensor, to observe the
fracture phenomena of the samples after impact and burn
testing.

Composites were subjected to flexural strength testing
using the three-point bending method in accordance to ASTM
D790, which was carried out with a UTM JTM-UTS510 testing
machine at a rate of 5 mm/min [30]. Additionally, the impact
strength of the composites was evaluated through the Izod
impact test method in accordance with ASTM D256, for
unnotched specimen type [31]. Furthermore, the burning
behavior of the composites, including the Burning Rate (BR)
and Ignition Time (IT), was investigated by conducting testing
according to ASTM D635, specifically the horizontal burning
test [32].

III. RESULTS AND DISCUSSION

A. X-Ray Diffraction (XRD)

The XRD analysis indicates that the addition of BA and SS
significantly modifies the amorphous diffraction pattern, as
presented in Figure 1 and Table II. The control sample without
any filler exhibits lower peak intensity and a broader
distribution, suggesting a smaller amorphous size and lower
degree of amorphousness. The peaks are observed in the range
of 20 = 18° to 30°, corresponding to an amorphous size of 7.65
nm and an amorphous degree of 0.439. These amorphous
structures are attributed to the UPR present in the GFRP
composites. The size and degree of amorphousness have a
significant influence on the mechanical strength of polymer
composites [33, 34]. A similar phenomenon was observed with
the emergence of a new, strong diffraction peak near 26 = 16.0°
in GF/Polypropylene (PP) composites [35].

The addition of 2% and 10% BA resulted to a primary peak
at 20 = 30°, along with additional peaks at 26=18° and 26=20°.
Notably, the 10% BA sample exhibited a remarkably sharp and
dominant primary peak at 26=30° aligning with a study that
reported characteristic BA peaks at 14.5° and 28° [36]. The
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significant increase in diffraction peak intensity suggests a
larger amorphous domain size, 14.72 nm for 2% BA and 16.85
nm for 10% BA, and a higher degree of amorphousness, 0.673
for 2% BA and 0.785 for 10% BA, indicating that BA
effectively enhances the structural properties of GFRP
composites. This increased amorphousness results in a more
ordered and tightly bound structure, which may potentially
improve the mechanical strength and deformation resistance of
the material [37].
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Fig. 1. XRD of single filler GFRP composite with variations in BA and
SS composition: (a) 2% wt and (b) 10% wt.

TABLE II. DEGREE AND AVERAGE SIZE OF AMORPHOUS
CRYSTALS ON GFRP COMPOSITES
Sample Secondary to Degree of Average size of
Primary Peak of amorphous amorphous
20 crystals (%) crystals (nm)
C 18° to 30° 43.99 7.66
CBAIl 18° to 30° 67.34 14.72
CBAS 20° to 30° 78.50 16.85
CSS1 22° to 30° 38.56 16.09
CSS5 22° to 30° 23.87 10.28

SS exhibits a primary peak at 20 = 30° and a secondary
peak around 20 = 22°. At a 10% SS, the primary peak remains
at 20 = 30° but with diminished intensity, accompanied by a
minor additional peak at 20 = 22° aligning with a study that
observed a primary XRD peak around 20 = 27°. In contrast to
BA, the incorporation of SS leads to an increase in the
amorphous size, particularly at a concentration of 2% (16.09
nm). However, at a concentration of 10%, the amorphous size
decreases to 10.27 nm [9]. This reduction in the amorphous
size is accompanied by a lower degree of amorphousness,
0.238 for 10% SS, suggesting that SS does not achieve the
same level of structural regularity as BA, which may negatively
impact the mechanical properties of the composite. While the
addition of SS at 2% enhances the amorphous size, the
decrease in amorphousness at 10% indicates a less ordered
structure, potentially rendering the material more susceptible to
brittleness or reduced resistance to mechanical stress.

BA has been found to be more effective than SS in
increasing the amorphous size and degree in GFRP composites,
which in turn contributes to enhanced mechanical strength. As
such, BA, particularly at a 10% concentration, represents a
more optimal filler choice for improving the mechanical
properties of GFRP composites. In contrast, while SS can
increase the amorphous size, its impact on the degree of
amorphousness is limited, potentially leading to reduced
material strength when used at higher concentrations.

B. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 2 presents the FTIR spectra for the control
composite, without filler, and composites containing 2% BA
and 2% SS. The control GFRP composite exhibits distinct
peaks, including C-H stretching at 2937 cm™!, C=0 stretching
at 1719 cm™, C-O stretching at 1264 cm™!, and oxygen-silicon
bonds in the Si—O-Si group of GF at 1059 cm™ [38-40]. These
peaks represent the functional groups of GF and UPR [41-42].
The composite with 2% BA filler displays a peak at 690 cm™!
corresponding to the deformation vibration of B-O bonds [43].
The band at 749 cm™ is attributed to the vibration of the [BOs]s
structural group, the B-O-B bridge, or the vibration of atoms
forming the [B(O,0H),4] tetrahedron [44]. Additional bands at
1059, 1126, and 1264 cm™ arise from vibrations in the -O-B
bonds of the orthoboric acid structure [45].

The peaks at 2017 and 2166 cm™ are due to C-O stretching
vibrations of adsorbed CO,, while the band at 2937 cm
indicates the presence of water in the 2% BA composite. These
findings align with previous studies that have identified bands
associated with boric acid functionality [46].
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Fig. 2. FTIR of GFRP composites.

In the composite with 2% SS filler, a significant peak at
1126 cm™ is related to Si-O stretching due to the presence of
silica, indicating strong interaction with GFRP, which can
enhance thermal and mechanical properties by strengthening
the silicate network [47]. Other peaks, such as -OH stretching
and SS bending at 2937 and 1719 cm™, exhibited reduced
intensity. SS affects the interaction of ester groups in polyester,
potentially reducing mechanical resistance at higher
concentrations being consistent with other another study which
analyzed functional groups in [48].
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The FTIR analysis of the GFRP composite without filler
indicated that BA and SS did not significantly alter the
molecular structure of the composite. Additionally, the FTIR
results revealed that the degree and size of amorphous regions
did not impact the functional groups of GFRP composites,
whether with BA or SS. BA contributed more to the formation
of B-O bonds, enhancing fire resistance. Both fillers modified
the functional groups of the composite, which could potentially
improve mechanical and thermal properties. SS increased the
Si-O interaction, thereby enhancing thermal and mechanical
stability. However, excessive amounts of SS can compromise
mechanical strength by disrupting the interconnections between
polyester molecules.

C. Scanning Electron Microscopy (SEM) Observation

Physical properties such as the degree and size of
amorphous crystals can influence the durability of composites,
as evidenced by the fracture patterns observed after impact
testing. The fracture behavior of the impact test samples was
analyzed using surface morphology observations, as shown in
Figure 3. Figure 3(a) illustrates a composite with a 2% BA
concentration. Although BA can produce a relatively well-
bound structure at low concentrations, some filler release is
observed. This suggests that at lower concentrations, BA has a
strong affinity with UPR, but its effectiveness in enhancing the
mechanical strength of the composite is limited [49]. This is
evident from the flexural and impact strength of composites
containing 2% wt BA, which are lower than those with 10% wt
BA. BA cannot form a sufficiently robust reinforcement
network at low concentrations, resulting in filler release from
the matrix under mechanical loading.

In contrast, the addition of 2% SS, as illustrated in Figure
3(c) enhances the interfacial bond and results in relatively
uniform particle distribution. The matrix appears smooth, with
sporadic filler agglomeration. The glass fiber is well embedded
in the resin matrix, and the interfacial bond between GF, SS,
and UPR appears cohesive, with minimal phase separation,
indicating good adhesion properties and minimal fiber pull-out.

SEM images of composites with 10% BA, as shown in
Figure 3(b), demonstrate that an increased filler concentration
leads to a more organized and robust microstructure. The more
pronounced amorphous crystal peaks in this material, as
observed in previous XRD analysis, correlate with enhanced
mechanical strength. At higher BA filler concentrations, the
interaction between the filler and the matrix becomes more
dominant, creating a more effective reinforcing network that
enhances material strength [50].

However, in Figure 3(d) it is proposed that at a 10% SS
concentration, the denser SS particles result in visible
agglomeration and uneven distribution. The increased SS
content causes visible voids and gaps at the fiber-matrix
interface, indicating reduced adhesion and potential debonding
under mechanical stress [51]. The increase in fiber pull-out
observed in composites containing SS, without additional
additives, leads to greater energy dissipation [52].

BA filler contributes positively to the mechanical strength
of GFRP composites, as evidenced by the absence of
phenomena indicating a reduction in mechanical properties.

This improvement is linked to an increase in the degree and
size of amorphous crystals. BA is more effective in reinforcing
the material structure by enhancing fiber-to-matrix adhesion,
which in turn improves interlaminar strength [50]. While SS
can improve interfacial bonding, it tends to produce a more
brittle and amorphous
concentrations.

structure, especially at higher

Fig. 3.
GFRP composites with (a) 0% filler (control), (b) 2% wt BA, (c) 10% wt BA,
(d) 2% wt SS, (e) 10% wt SS.

SEM observation of fracture surface of impact test results on

D. Macro Observation of Impact Test Results

In addition to morphological observations with SEM,
macro observations of the impact test fracture results can be
used to validate the mechanical resistance of GFRP
composites. Figure 4 presents samples obtained from impact
tests using 2% and 10% wt of various fillers. Across all filler
variations, a white area is observed between the fractures,
representing the delamination zone. Delamination occurs as the
composite withstands the applied load. The greater the
composite’s strength in resisting impact loads, the wider the
delamination area [53]. Delamination typically occurs just
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before fracture. The addition of filler can inhibit fracture
propagation, reduce delamination, and minimize overall
damage [54, 55].

In Figure 4(a), samples containing 2% BA, smaller cracks
are concentrated in the central area of the sample. At low
concentrations, BA begins to act as a filler, but it does not
significantly enhance impact resistance. Impact strength
increases as BA concentration rises. A concentration of 10%
BA causes a noticeable color change in the sample, making
delamination less visible. The resulting cracks appear more
irregular compared to those in samples with other fillers. BA at
10% wt exhibits good interfacial bonding, causing the crack to
propagate along alternative paths [56]. Strong chemical
interactions between BA and the polymer matrix result in more
uniform stress distribution and better energy dissipation during
impact, thereby increasing the composite’s overall impact
strength [57, 58].

(© (@

Fig. 4. Macro observation of impact test results on GFRP composites with
(a) 2% wt BA, (b) 10% wt BA, (c) 2% wt SS, (d) 10% wt SS.

For SS at 2% wt, a significant improvement in impact
strength is observed due to SS's effective stress distribution,
which reduces particle agglomeration [59]. However, at 10%
SS, more prominent cavities are visible, which facilitate crack
formation and lead to composite failure due to SS particle
agglomeration [60]. Composites with higher SS content tend to
show reduced strength due to decreased matrix dispersion as
silica content increases [20].

Overall, the increase in impact strength of GFRP
composites with the addition of BA filler, as observed in SEM
morphological studies, shows that BA effectively fills gaps,
enhancing mechanical strength by filling cavities between
layers. This is evidenced by the wider delamination and more
irregular crack patterns, indicating good interfacial bonding,
which forces cracks to seek alternative propagation paths.
These results are associated with the increased degree and size

of amorphous crystals. In contrast, an increase in SS content up
to 10% wt leads to particle agglomeration, resulting in cavities
and widespread cracks, which deteriorate interlaminar bonding.

E. Thermo-Gravimetric Analysis (TGA) and Differential
Thermal Analysis (DTA)

Unlike the previous physical properties that assess the
mechanical resistance of GFRP composites, TGA and DTA
were used to evaluate the heat characteristics of GFRP
composites, which are closely related to their combustion
resistance. Thermal characterization is illustrated in Figure 5
and Figure 6. The addition of 2% BA significantly increased
the thermal stability of the composite compared to the control.
A substantial mass loss begins around 350°C, indicating that
BA acts as an effective flame retardant by slowing down the
thermal degradation process. BA also significantly enhances
thermal stability and, at specific concentrations, forms a
protective barrier, reducing the peak heat release rate by more
than 75% [22]. The addition of 10% BA further improves
thermal resistance, with the primary degradation temperature
occurring around 400°C and a larger residue remaining after
testing. This suggests that higher BA concentrations not only
increase thermal stability but also contribute to the formation of
a protective layer during combustion, leaving more residue.

The addition of 2% SS showed slightly different results.
Although the thermal stability of the SS composite was lower
than that of the BA composite, it still outperformed the control.
The primary thermal degradation occurred at a slightly lower
temperature, but the significant remaining residue indicated the
formation of an inorganic barrier layer due to the presence of
SS. At a 10% SS concentration, thermal stability improved
compared to 2%, though the remaining residue was less than
that with 10% BA. SS tends to form a silica-based gel or
barrier that degrades differently at high temperatures,
explaining the variation in final residue amounts. SS forms an
inorganic barrier during combustion, reducing flammability
and increasing thermal stability [61].
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Fig. 5. TGA of single filler GFRP composite with variations in BA and SS
composition: (a) 2% wt and (b) 10% wt.

Figure 6 demonstrates that the addition of BA and SS
significantly alters the peak temperature and shape of the curve.
This is due to interactions between the fillers and the polymer
matrix, which affect thermal stability. At a 2% filler
concentration, both BA and SS composites showed an earlier
onset of degradation compared to the control sample,
suggesting that low filler concentrations may act as catalysts
for degradation. However, at a 10% concentration, the peaks
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for both BA and SS shifted towards higher temperatures,
indicating increased thermal stability at higher filler levels. The
addition of inorganic fillers enhances thermal stability due to
their intrinsic resistance to heat and the barriers they form
against heat and mass transfer during decomposition [29].
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Fig. 6. DTA of single filler GFRP composite with variations in BA and SS
composition: (a) 2% wt and (b) 10% wt.

F. Macro Observation of Burn Test Results

In addition to thermal characteristics, the fire resistance
properties of GFRP composites with BA and SS fillers can be
analyzed through observations of burned samples. Macro
observations after burn tests are illustrated in Figure 7. BA
releases water when heated, which helps cool the material and
dilutes combustible gases. Conversely, SS forms a protective
layer on the composite surface during heating, thereby isolating
the polymer matrix from heat and flame penetration.

(©) (d)

Fig. 7. Macro observation of the results of the GFRP composite burning
test with (a) 0% filler (control), (b) 2% wt BA, (c) 10% wt BA, (c¢) 2% wt SS,
(d) 10% wt SS.

Visual inspection revealed that samples with a 10% filler
concentration exhibited better structural integrity compared to
those with a 2% concentration, indicating that higher filler
content significantly enhances fire resistance. These findings
suggest the potential for using combined fillers to improve fire
resistance in applications where material performance is

critical. This analysis is supported by several studies which
found that GFRP composites with a combination of BA and SS
exhibited increased fire resistance [29]. Increasing the BA
content in GFRP composites resulted in a higher LOI,
improved fire resistance, and reduced smoke density [22]
suggesting a significant enhancement in fire resistance with
higher BA content. Similarly, it was reported that composites
treated with SS and boron compounds showed excellent fire
resistance properties, primarily due to the formation of an
insulating layer that reduces combustion and protects the
underlying polymer matrix [62].

The results for 10% BA are closely related to the thermal
resistance observed in the TGA/DTA analysis, where this
concentration provides optimal improvements in both heat and
fire resistance of GFRP composites. This is attributed to a
higher level of dehydration, forming a more effective char layer
that inhibits combustion. In contrast, SS enhances fire
resistance by forming an intumescent layer on the surface,
which prevents the GFRP composite from burning.

G. Mechanical Properties

Flexural strength measures a composite’s ability to resist
fracture under stress, ensuring its suitability and durability for
various applications [63]. Figure 8 illustrates how filler type
and weight fraction influence the flexural strength of GFRP
composites. Different effects were observed depending on the
filler composition: increasing BA content correlated with a rise
in flexural strength. This finding is consistent with the study
which reported a gradual increase in flexural strength with BA
content up to 5% [64].
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Fig. 8. Flexural strength of GFRP composite.

In contrast, SS showed an increase in strength only at 2
wt%, with a subsequent decline in flexural strength at higher
concentrations. A similar trend was observed, with strength
peaking at 10% composition and decreasing with further
addition up to 30% [20]. Increasing the BA content from 2% to
10% progressively raised the flexural strength, peaking at 105
MPa at 10 wt% BA. This increase is attributed to BA’s ability
to reduce stress transfer and inhibit crack propagation [65]. The
fine 200-mesh powder form of BA facilitates its integration
into the fiber-resin interface, thereby enhancing composite
strength aligning with the findings which showed increased
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strength and fracture toughness at BA compositions up to 3%
[66].

The addition of gel-form SS exhibited a different trend. An
initial increase in flexural strength was observed at 2 wt% SS,
but higher concentrations significantly reduced the strength,
dropping to 97 MPa. This decline is attributed to the gel-like
nature of SS, which inhibits bonding with the polyester matrix.
As SS concentration increases, poor interaction with the matrix
results in weak interfacial bonding [66]. Additionally, the high
density and potential for agglomeration of SS further contribute
to this reduction in strength [67]. This phenomenon is indicated
by the presence of -OH groups in FTIR observations, which
can interfere with the interaction between SS and UPR.
Additionally, it was stated that high SS levels disrupt the cross-
linking reaction between polycarboxylate and polyalcohol [20].
Particle size, shape, and concentration of components affect the
flexural strength of the composite. Higher SS concentration can
reduce strength due to agglomeration, while increased BA
enhances amorphous crystals and strength. Cracks,
delamination, and other phenomena observed further support
these findings. Optimal BA content is around 10%, while SS
concentrations above 2% decrease strength.

In addition to flexural strength, impact strength is a key
indicator of the mechanical performance of GFRP composite
materials. Impact strength reflects the material's capacity to
withstand forces that can lead to failure. As seen in Figure 9, an
increase in BA content correlates with increased impact
strength; however, this trend with other studies which reported
a decrease in impact strength beyond 2% BA composition [4,
68]. For SS filler, an increase in impact strength is observed at
2% content, followed by a decline at higher concentrations.
This phenomenon was similarly reported in a study in which it
was found that impact strength improved only at 2% SS and
decreased thereafter [59]. The increase in impact strength in
GFRP composites with BA addition is directly proportional to
its concentration, starting at 2% BA with a value of 72 MPa
and peaking at 81 MPa with 10% BA.
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Fig. 9. Impact strength of GFRP composite.

Impact strength is positively correlated with flexural
strength due to the reinforcing effect of random and woven GF,
which enhances both flexural and impact properties.
Additionally, BA acts as an effective filler, increasing strength

by filling voids between layers. This result differs from studies
on PP composites, where higher BA percentages reduce
strength due to plasticization, which weakens interfacial bonds
[69, 70].

Similar to flexural strength, the optimum impact strength is
achieved at 2% SS content. However, higher SS concentrations
lead to decreased impact strength due to agglomeration caused
by the gel form of SS, which creates local stress concentrations.
This effect is also related to the presence of -OH groups that
interfere with the bonding between SS and UPR. It was
observed that SS content above 2% reduces impact strength
due to the formation of barriers that inhibit stress transfer from
the matrix to the fiber [59].

The observed pattern suggests a correlation between
increased impact strength and flexural strength, attributed to
the complementary roles of random GF, which enhances
impact resistance, and woven GF, which contributes to flexural
resistance. Consequently, each layer in the GFRP composite
exhibits high mechanical resistance. Moreover, the optimal
filling of voids by BA at higher concentrations leads to a
gradual increase in strength, as confirmed by SEM
observations. In contrast, while SS at 2% wt effectively
transmits stress to the matrix and fibers, higher concentrations
result in agglomeration, reducing impact strength.

H. Fire Resistance Properties

Ignition time and burning rate are two crucial parameters in
assessing the fire resistance of composites. In Figure 10, both
fillers increase the ignition time as their weight fraction rises,
indicating enhanced fire resistance due to their flame-retardant
properties. Across all concentrations, SS exhibits a higher
ignition time compared to BA. While the ignition time
increases with filler content for both fillers, BA shows a more
linear trend, whereas SS demonstrates an exponential rise from
6% to 10%, suggesting a threshold effect where SS becomes
particularly effective in slowing down the ignition process at
higher concentrations.
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Fig. 10.  Ignition time of GFRP composite.

Nevertheless, both BA and SS significantly increase
ignition time compared to the composite without fillers. The
flame-retardant effect of BA is corroborated by another study
which found that combining 15 wt% BA with Multi-Walled
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Carbon Nanotubes (MWCNT) increased the ignition time
compared to samples with MWCNT alone [71]. The
endothermic decomposition of BA, releasing water, cools the
composite surface. Similarly, it was reported that SS reduces
ignition time, extends the combustion process, and lowers the
Peak Heat Release Rate (PHRR) by up to 40% compared to the
sample without filler [24].

The combustion rate test results, illustrated in Figure 11,
align with the ignition time findings. The addition of BA and
SS fillers significantly reduced the combustion rate, with the
most notable effect observed at 2% wt filler concentration. At
this level, the burning rate dropped dramatically from 0.49
mm/s, without filler, to approximately 0.30 mm/s, representing
a 33% decrease, indicating that even low filler concentrations
can significantly improve the thermal resistance of composite
materials.
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Fig. 11.  Burning rate of GFRP composite.

At 2% concentration, BA and SS demonstrated similar
effectiveness in reducing the burning rate. However, as the
concentration increased to 4% and 6%, the burning rate
decreased more gradually, reaching around 0.25 to 0.30 mm/s
for both fillers. At 10% concentration, the performance
difference became more pronounced. BA showed the most
substantial reduction in burning rate, dropping to 0.14 mm/s,
while SS only reduced the rate to 0.22 mm/s. This disparity is
consistent with previous studies, where SS forms an
intumescent layer during combustion, reducing the composite
temperature and inhibiting fire spread. The intumescent layer in
SS performs effectively, with an intumescent temperature
around 195°C [72]. Conversely, BA forms a stronger char
layer, as observed in microstructural analyses. BA melts at
236°C and dehydrates above 300°C, producing boron oxide,
which forms a protective layer that inhibits flames [73]. The
charring process increases with higher boric acid content [74].

BA and SS have proven effective in enhancing the fire
resistance of GFRP composites [75, 76]. SS provides a
moderate reduction in composite temperature and ignition time,
while BA exhibits superior performance, particularly at higher
concentrations. BA not only significantly reduces the burning
rate but also forms a more robust protective layer, making it a
superior choice for applications requiring high fire resistance.

IV. CONCLUSION

The addition of boric acid (BA) and sodium silicate (SS)
significantly enhances the mechanical strength and fire
resistance of Glass Fiber Reinforced Polymer (GFRP)
composites. Employing multiple characterization techniques,
including using X-ray Diffraction (XRD), Fourier Transform
Infrared Spectroscopy (FTIR), Scanning Electron Microscopy
(SEM), Thermogravimetric Analysis (TGA), and Differential
Thermal Analysis (DTA), provides a comprehensive
understanding of the filler-matrix interactions and their effect
on composite properties. BA, particularly at a 10%
concentration, effectively increases structural integrity,
mechanical strength, and fire resistance. By promoting the
formation of larger amorphous crystals, BA also improves
interlaminar strength and impact resistance. Additionally, it
enhances fire resistance through the formation of a protective
char layer that inhibits combustion. Although SS contributes to
thermal stability and heat transfer resistance, it can reduce
mechanical strength at higher concentrations due to filler
agglomeration and weaker matrix interaction. These findings
highlight the potential of BA and SS for applications requiring
both mechanical strength and thermal resistance.
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