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Abstract

The aim of this study is to investigate the mechanical performance of S-glass and E-glass
fiber-reinforced epoxy composites manufactured using the hand-layup technique with epoxy
resin (Lapox L-12) and hardener (K-6), cured for 24 h at room temperature. To investigate
the effect of different configurations, six configurations were tested: pure S-glass/epoxy
(Sc-E), pure E-glass/epoxy (Ec-E), and four combinations of S-glass/E-glass at different
stacking sequences (1Hc-E, 2Hc-E, 3Hc-E, and 4Hc-E). All composites were fabricated
with 60 wt% fiber and 40 wt% matrix. Mechanical characterization comprised tensile
testing (crosshead speed 10 mm/min), three-point bending tests for flexural properties
(5 mm/min), interlaminar shear strength (ILSS) testing (3 mm/min), and Shore D and
Barcol hardness testing. The results showed that the ultimate tensile strength (188.42 MPa)
and Young’s modulus (1.60 GPa) were highest for the Ec-E sample, while the peak load
(8903.02 N) was highest for the Ec-E sample. For flexural properties, the 1Hc-E hybrid
configuration (ss-ee-ss-ee) exhibited an excellent flexural strength of 416.60 MPa and
a flexural modulus of 26.08 GPa, indicating a positive hybrid effect. The pure S-glass
composites showed the best ILSS (16.52 MPa) and hardness properties. The study revealed
that flexural properties can be optimized through strategic hybridization and that fiber
stacking sequence has a significant effect on interlaminar properties.

Keywords: glass fibers; hybrid composite; epoxy matrix; tensile strength; flexural strength;
ILSS

1. Introduction

Fiber-reinforced polymer (FRP) composites have emerged as essential materials in the
aerospace, automotive, marine, and civil engineering industries because of their remarkable
specific strength, stiffness, corrosion resistance, and tailorability [1-4]. Reinforcing fibers
are used in various forms, with E and S-glasses being among the most commonly utilized
due to their favorable mechanical properties, low cost, and compatibility with widely used
polymer matrices [5]. Epoxy is particularly recognized as the preferred thermosetting
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matrix because of its superior adhesive properties, low cure shrinkage, and resistance to
environmental degradation [6-8]. Although single-fiber composites are widely used, the
concept of hybrid composites combining two or more reinforcing fibers within a single
matrix system has attracted increasing research interest [9,10]. The hybrid effect suggests
that the failure strain of the lower elongation fiber constituent can be enhanced when
combined with a higher-elongation fiber constituent, resulting in improved energy absorp-
tion and pseudo-ductile behavior [11-14]. This phenomenon can serve as an important
design tool for achieving composite properties that exceed those attainable with individual
fiber systems.

E-glass (electrical-grade) fibers are manufactured from a high-silica-content glass
composition consisting primarily of SiO;, Al,O3, CaO, and MgO. These fibers exhibit
competitive tensile modulus values (70-72 GPa) and tensile strength (3.4-3.5 GPa) [15-19].
S-glass (structural/strength-grade) fibers are relatively more expensive but offer higher
tensile strength (~4.5-4.9 GPa) and modulus (~87-90 GPa), making them suitable for high-
performance structural applications [20-22]. The combination of these two fiber types
within an epoxy matrix provides an opportunity to exploit their complementary properties
and potentially achieve a balanced performance profile. The mechanical response of hybrid
composites is significantly influenced by factors such as fiber volume fraction, stacking
architecture, and matrix properties [15,23-25]. One particularly important parameter in
laminated composites is the interlaminar shear strength (ILSS), as interlaminar failure
is often the predominant failure mode under flexural and impact loading conditions in
structural applications [16,26]. Although relatively simple, Shore D and Barcol hardness
tests can provide valuable complementary information regarding surface resistance and
degree of cure, both of which are important quality indicators for composite preparation
using the hand-layup process [27-29].

While extensive research has been conducted on glass/carbon and natural/synthetic
hybrid composites [30-33], relatively few systematic comparative studies have focused
on S-glass/E-glass/epoxy hybrid composites with different stacking configurations. The
present work aims to address this gap by fabricating and characterizing six composite
systems—two reference laminates and four hybrid variants—using the hand layup with
a 60:40 fiber-to-matrix weight ratio. The objective is to investigate the effects of fiber
type, hybridization ratio, and stacking sequence on tensile, flexural, ILSS, and hardness
responses, and to provide quantitative design guidelines for engineering applications.

2. Literature Review

Numerous researchers, such as Swolfs et al. have extensively reported on fiber hy-
bridization in polymer composites, which can produce positive, negative, or zero effects
depending on the types of fibers used, and the mismatch in their strain-to-failure character-
istics [14,34]. Their analysis demonstrated that blending high-stiffness, low-failure-strain
carbon fibers with high-failure-strain glass fibers resulted in the most pronounced positive
hybrid effect. This fundamental finding laid the foundation for the present investigation
of S-glass/E-glass hybrid composites. Dong and Davies examined bidirectional hybrid
epoxy composites reinforced with E-glass and T700S carbon fibers [9]. They found that
flexural strength and modulus exhibited a nonlinear dependence on fiber volume fraction,
highlighting the influence of layering sequence on composite properties beyond what is
predicted by the rule of mixtures. Their work also emphasized the importance of the outer
fiber type in controlling flexural performance, which directly motivated the investigation
of stacking sequences in the current study.
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Fiore et al. conducted a comprehensive review of basalt/glass hybrid composites and
observed that inserting basalt layers between glass layers consistently improved tensile
and impact properties [30]. They attributed this enhancement to stress redistribution
within the laminated cross-section. Although different fiber systems were considered,
the fundamental principles of hybridization are comparable to those governing the S-
glass/E-glass systems investigated in the present work. Ricciardi et al. studied the energy
absorption behavior of basalt-carbon/epoxy hybrid composites under drop-weight impact
loading and demonstrated that absorbed energy could be increased by up to 40% through
hybrid layup configurations compared with single-fiber laminates [35]. Their findings
highlighted the energy-absorbing potential of strategic hybridization and encouraged
further exploration of similar synergistic effects in S-glass/E-glass hybrid systems. Czél
et al. [36] investigated pseudo-ductility and notch-insensitivity in thin-ply all-carbon hybrid
composites and demonstrated that the transition from brittle to quasi-ductile failure was
strongly dependent on laminate architecture. Although the materials used in their study
differed from those employed here, their detailed analysis of ply-level mechanics provided
a valuable framework for understanding stacking-sequence-dependent behavior.

Ilangovan et al. characterized E-glass fiber/epoxy composites using dynamic me-
chanical analysis (DMA), with glass transition temperatures between 30 and 190 °C. These
results provide a useful baseline for the behavior of conventional E-glass/epoxy compos-
ites, and serve as a reference for evaluating hybridization effects [37]. Similarly, Selver
et al. systematically reported the mechanical properties of S-glass/epoxy laminates, in-
cluding ultimate tensile strengths (UTS), and their results showed that the tensile and
flexural strengths of the composites were more sensitive to the off-axis angle than those of
orthogonal lamination [38]. These data provide an important benchmark for assessing the
mechanical performance of the hybrid laminates investigated in the present study.

Srivastava et al. investigated the effect of ply thickness on the interlaminar shear
strength (ILSS) of fiber-reinforced polymer (FRP) composites [39]. Their study demon-
strated that thinner plies, which promote a more uniform stress distribution, consistently
produced higher ILSS values. This relationship is relevant to the interpretation of the ILSS
results obtained for the six composite configurations investigated in the present study.
Ou et al. examined the properties of glass fiber-reinforced polymer (GFRP) composites
under various strain rates and temperatures and investigated the effect on their mechanical
properties and failure designs. According to their results, the tensile strength increased by
nearly 49.1% and they showed that the failure patterns of the GFRP specimens are related
to the loading conditions [40]. Naresh et al. performed a Weibull reliability analysis of the
tensile strengths of glass/epoxy and carbon/epoxy composites, incorporating statistical
confidence intervals into their assessment [41]. Their work provides a useful framework
for interpreting mechanical performance data and evaluating the reliability of measured
strength values.

3. Materials and Methods
3.1. Raw Materials

All the materials used in this study were obtained from recognized suppliers in
Bengaluru, India as shown in Figure 1. E-glass woven fabric (200 gsm) was purchased
from Sun Tech Fibers, Bengaluru, India, while S-glass satin-weave fabric was procured
from Mark Tech Composites, Bengaluru, India. The polymer matrix consisted of Lapox
L-12 epoxy resin and K-6 hardener (Chidanad C. S. Marketing, Bengaluru, India) mixed
in a resin-to-hardener weight ratio of 100:10 (resin:hardener) [42]. The selected resin
system is known to be compatible with glass fiber reinforcements, possesses a low viscosity
that facilitates hand-layup fabrication of composites with the required dimensions, and
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provides an adequate pot life for processing [43,44]. The fiber and fabric properties cited in
the Introduction (Section 1) are drawn from the general composites literature rather than
from supplier datasheets for the specific E-glass woven and S-glass satin-weave fabrics
used here. The available manufacturer/technical-datasheet properties for the S-glass satin-
weave fabric (Valmiera Glass, style 05305-FK800, as supplied via Mark Tech Composites)
and for E-glass fiber (generic filament-level data, Owens Corning/MatWeb, Toledo, OH,
USA) are summarized in Table 1.

Table 1. Manufacturer/technical-datasheet properties for the E-glass fiber and S-glass fabric used in
this study *.

E-Glass Fiber (Generic,

Property Owens Corning/MatWeb)

S-Glass Fabric (Valmiera Glass
05305-FK800, US Style 6580)

Test Method/Notes

Single filament/virgin

F h i .
orm characterized fiber strand

Finished woven fabric
(8-shaft satin weave)

Different measurement
basis—see note below

Weave style — (not a fabric)

8-shaft satin

DIN ISO 9354

Yarn/tow
designation

SC9-34 (warp and weft)

Thread count —

28.0/cm (warp), 27.0/cm (weft)

DIN EN 1049 [45]

193 g/m? (base fabric); 190 g/m?

Areal weight — (finished, -10%) DIN EN 12127 [46]
Fabric thickness — 0.25 mm (£10%) DIN ISO 4603 /E [47]
FK800 multi-functional silane Compatible with a wide
Sizing/finish Not specified in this datasheet finish, silane-treated after p .
heat cleaning range of resin systems
Not reported on this fabric
Density 2.54-2.60 g/cc datasheet (literature: —

~2.46-2.49 g/cc)

3450-3790 MPa (virgin

Tensile strength filament strength, 22 °C)

330 N/cm (warp), 300 N/cm
(weft)—fabric strip tensile
strength, not filament strength

DIN ISO 4606 [48]
(fabric); units not
directly comparable to

. Not reported on this
Elastic modulus 72.4 GPa fabric datasheet —
Elongation at break 4.8% Not reported on this —

fabric datasheet

Organic content —

<1% (0.14%) (typical)

SiO, 54.3%, Al,O3 15.2%, CaO
17.2%, MgO 4.7%, BaO 8.0%,
Na,O 0.60%

Composition
(major oxides)

Not reported (S-glass is
characterized generally as a
higher-SiO;, lower-CaO/B,03
glass than E-glass per the
fabric datasheet)

MatWeb “E-Glass Fiber,
Generic” datasheet (data
provided by Owens Corning)

Source document

Valmiera Glass UK Ltd. (Valmiera,
Latvia), Datasheet 05305-FK800,
V1.0, September 2013

Datasheets provided by
the authors

* Note: The E-glass datasheet reports generic single-filament properties (not specific to the Sun Tech
Fibers 200 gsm woven fabric actually used), whereas the S-glass datasheet reports finished-fabric
properties for the specific satin-weave product supplied via Mark Tech Composites; consequently,
the tensile strength values for the two materials are not directly comparable (filament MPa vs. fabric
strip strength in N/cm). A fabric-level datasheet for the specific E-glass product and a filament-level
datasheet for the S-glass fiber, would allow a fully like-for-like comparison and are recommended if
available from the suppliers.
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SR, oAl °
(a) S-Glass Fibe

(c) Epoxy Resin Lapox L-12
with Hardener K-6

Figure 1. Raw materials for fabrication (a) S-glass Fiber. (b) E-glass fiber, and (c) epoxy resin Lapox
with hardener.

3.2. Fabrication Details

All composite specimens were manufactured using the hand-layup technique, which
is one of the most commonly employed open-mold fabrication methods for producing flat
laminated composite plates [49-51], as shown in Figure 2. The epoxy resin and hardener
were mixed in a weight ratio of 100:10 and thoroughly stirred for 3 min to ensure a
homogeneous mixture and minimize the presence of voids. Eight plies of woven fabric
were sequentially laid into a flat mold and impregnated with the resin mixture between
successive plies using a brush and roller to ensure complete impregnation of the fabric. For
the hybrid configurations, the plies were arranged according to the stacking sequences. A
release agent was applied to the mold surface prior to layup to facilitate easy demolding of
the cured laminates. Curing was carried out at ambient conditions (25 + 2 °C and 50 £ 5%
relative humidity) without the application of external pressure for 24 h. No post-curing
at elevated temperature was performed in order to replicate the typical manufacturing
conditions using the hand-layup composite components.

0 Mold Preparation e Fiber Placement 9 Resin Coating Started '

Q.
Begin applying resin and coat the
fiber surface. [

O cuing
a =

Place the fiber reinforcement evenly
inside the mold.

Clean and prepare the mold surface
and apply release agent.

9 Successive Fiber Layer Placed

e

Allow the part to cure at room temperature
for the recommended time.

Q. <
Spread the resin uniformly to ensure
complete wet-out.

Place additional fiber layers as required
and repeat the process.

Figure 2. Steps in hand lay-up process adopted.

Void content was not quantified in this study (e.g., via ASTM D2734 [52]. burn-off/
digestion or image-based analysis of polished cross-sections). Because hand layup is known
to produce plate-to-plate variability in void content, and because ILSS and flexural strength
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are particularly void-sensitive, some portion of the property differences reported between
configurations may reflect processing variability between plates rather than stacking-
sequence effects alone; void content measurement is recommended in follow-up work to
isolate these contributions.

3.3. Composite Configurations

A total of six composite configurations were fabricated, as presented in Table 2. The
fiber weight fraction was maintained at 60 wt% (total fiber content), while the epoxy
matrix content was fixed at 40 wt% for all configurations. Pure S-glass (Sc-E) and pure
E-glass (Ec-E) were used as control samples. To investigate the effects of hybridization
and stacking sequence, four different hybrid configurations were designed: symmetric
interleaved (1Hc-E: ss-ee-ss-ee), S-glass dominant (2Hc-E: sss-ee-sss), E-glass dominant
(BHc-E: eee-ss-eee), and alternating (4Hc-E: s-e-s-e-s-e-s-e). These configurations enable
a systematic investigation of the influence of the fiber-type ratio and stacking sequence
on the mechanical properties of the composites. Because S-glass and E-glass differ in
density (x2.49 and ~2.60 g/cm?, respectively) and both differ substantially from the
cured epoxy matrix (=1.15 g/cm?), equal weight fractions of the two fiber types do not
correspond to equal volume fractions; the corresponding fiber volume fractions, computed
from the constituent densities using the standard weight-to-volume fraction relationship,
are provided in Table 3 for reference. Importantly, the total number of plies was held
constant at eight for all six configurations (Table 2), so the relative strength and stiffness
differences reflect the effect of fiber-type ratio and stacking sequence rather than differences
in laminate thickness or total layer count.

Table 2. Composite configurations and sample codes.

SI. No. Material Configuration  S-Glass (Wt%)  E-Glass (wt%)  Epoxy (wt%) Code
1 Pure S-glass/Epoxy 5-5-5-5-5-5-5-5 60 0 40 Sc-E
2 Pure E-glass/Epoxy  e-e-e-e-e-e-e-e 0 60 40 Ec-E
3 Hybrid Composite ss-ee-ss-ee 30 30 40 1Hc-E
4 Hybrid Composite SSs-ee-sss 40 20 40 2Hc-E
5 Hybrid Composite eee-ss-eee 20 40 40 3Hc-E
6 Hybrid Composite s-e-s-e-5-e-s-e 30 30 40 4Hc-E

Table 3. Fiber volume fractions corresponding to the weight fractions *.
SI. No. Code S-Glass (vol%) E-Glass (vol%) Epoxy (vol%) Total Fiber (vol%)
1 Sc-E 40.9 0.0 59.1 40.9
2 Ec-E 0.0 39.9 60.1 39.9
3 1Hc-E 20.6 19.8 59.6 40.4
4 2Hc-E 27.4 13.1 59.4 40.6
5 3Hc-E 13.8 26.4 59.8 40.2
6 4Hc-E 20.6 19.8 59.6 40.4

* Note: Fiber volume fractions corresponding to the weight fractions in Table 1, calculated using
p(S-glass) &~ 2.49 g/cm3, p(E-glass) =~ 2.60 g/cm3, and p(cured epoxy) ~ 1.15 g/cm? (typical literature
values). These should be verified against the supplier-certified densities for the specific fabrics and
resin system used, and updated if they differ.

3.4. Composite Testing

Tensile testing was performed using a computerized universal testing machine (UTM)
(Kalpak K-100, Kalpak Instruments and Control, Pune, India) in accordance with ASTM
D-638 [53], at a crosshead speed of 10 mm/min. The stress—strain response was recorded,

https:/ /doi.org/10.3390/fib14090097


https://doi.org/10.3390/fib14090097

Fibers 2026, 14, 97

7 of 26

and the following mechanical properties were determined: peak load, elongation at failure,
ultimate tensile strength (UTS), and Young’s modulus.

Young’s modulus was calculated from the initial linear region (approximately 0.1-0.3%
strain) of the crosshead displacement-based stress—strain curve, as no extensometer or
strain gauge was used; consequently, the reported modulus values are compliance-affected
and likely underestimate the true material stiffness, which is the most probable explana-
tion for the comparatively low modulus values relative to literature reports for woven
glass/epoxy laminates at similar fiber content. Direct strain measurement (extensometer or
bonded strain gauges) is recommended in future work to obtain more accurate modulus
values. Because compliance effects of this type would typically account for only a 20-50%
underestimate when considered alone, they are unlikely to explain the entire difference
observed in our results. A more likely explanation is the combined effect of two factors asso-
ciated with determining the modulus from crosshead displacement in stiff, low-elongation
composites. First, the compliance of the testing system, including the frame, grips, load
cell, and specimen grip seating, does not necessarily act as a constant 20-50% offset. Its
influence depends on the relative stiffness of the specimen and the testing system. Its
influence depends on the relative stiffness of the specimen and the testing system. For
a woven glass/epoxy laminate, the actual elastic displacement within the linear region
(approximately 0.1-0.3% strain over a gauge length of about 50-115 mm) may be only a
few hundredths of a millimeter. This displacement can therefore be comparable to the
deformation of the load itself, resulting in an overestimation of specimen displacement
when crosshead displacement is used to calculate strain precisely in ASTMD30039. This
is also why direct strain measurement is preferred for determining the elastic modulus of
composite specimens. Second, if the strain used for linear-region fit was calculated from the
full grip-to-grip separation rather than an effective gauge length, the resulting strain would
be an overestimate and the corresponding modulus underestimated. Depending on the
specimen geometry, this length difference could have a substantial effect on the calculated
modulus. The combined influence of these two factors could therefore account for a large
part of the discrepancy observed in our results without necessarily indicating an arithmetic
or unit-conversion error.

We consider this combined effect to be the most likely explanation for the discrepancy.
However, we do not regard this explanation as a substitute for verification. The raw
load-displacement records for each configuration and the specific strain range used for the
linear-region fit are being re-examined specimen by specimen. The modulus calculations are
also being independently checked for possible errors in units, gauge length, and effective
length. The final values reported in Table 4 are updated only after these checks have been
completed, so that they are based on verified calculations rather than on the proposed
explanation alone.

Table 4. Tensile test results (crosshead speed—10 mm /min). Values represent the mean of four replicate
specimens (1 = 4) per configuration.

SI. No. Sample Code Peak Load (N) Elongation (mm) UTS (MPa) Young’'s Modulus (GPa)
1 Sc-E 7881.00 7.53 188.99 1.42
2 Ec-E 8903.02 6.81 188.42 1.60
3 1Hc-E 7025.12 7.26 170.92 1.38
4 2Hc-E 7465.79 741 167.49 1.32
5 3Hc-E 7434.02 6.35 166.86 1.24
6 4Hc-E 7691.31 6.75 162.74 1.36
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Three-point flexural tests were conducted in accordance with ASTM D790 at a crosshead
speed of 5 mm/min. The specimens, dimensions measuring 125 x 12.7 x 3 mm?3, were
tested using a support span of 100 mm. The midpoint load-deflection curve obtained during
testing was used to determine the maximum flexural strength and flexural modulus.

Interlaminar shear strength (ILSS) was evaluated using the short-beam shear test method
in accordance with ASTM D2344, at a crosshead speed of 3 mm/min. A specimen span-to-
depth ratio of 4:1 was employed. The ILSS was calculated using the following relationship:

ILSS = 0.75 X Fyax/ (b x h) 1)

where Fj4y is the maximum load, b is the specimen width, and / is the specimen thickness.

Shore D hardness was measured in accordance with ASTM D2240 using an applied
load of 1 kg and a dwell time of 15 s. Barcol hardness was determined according to ASTM
D2583. For each specimen, hardness measurements were taken at a minimum of five
different locations, and the average value was reported.

Four replicate specimens (1 = 4) were tested per configuration for each mechanical
test (tensile, flexural, and ILSS), and the values reported in Tables 2—4 represent the mean
of these four replicates. For hardness (Table 5), each of the four replicate specimens per
configuration was measured at a minimum of five locations, and the reported value is the
mean across specimens and locations.

Table 5. Flexural test results (cross loading speed—5 mm/min). Values represent the mean of four
replicate specimens (1 = 4) per configuration.

Sl. No.  Sample Code  Peak Load (N)  Deflection (mm)  Flex. Strength (MPa)  Flex. Modulus (GPa)
1 Sc-E 449.563 2.95 253.82 21.01
2 Ec-E 155.479 3.34 112.01 16.95
3 1Hc-E 499.918 3.17 416.60 26.08
4 2Hc-E 410.705 297 306.61 14.69
5 3Hc-E 210.375 9.67 128.80 13.55
6 4Hc-E 273.601 4.91 228.00 35.48

4. Results and Discussion
4.1. Tensile Properties

The tensile test results for all six composite configurations are summarized in Table 4.
The pure E-glass/epoxy (Ec-E) composite exhibited the highest UTS of 188.42 MPa and the
highest Young’s modulus of 1.60 GPa. This performance can be attributed to the higher
content and the efficient load transfer facilitated by the uniform fiber architecture. The pure
E-glass composite (Ec-E) exhibited a higher peak load of 8903 N compared with 7881 N
for the Sc-E composite. This difference is attributed to the higher Young’s modulus and
stiffer initial load-bearing response of E-glass fibers relative to S-glass fibers, despite the
marginally lower elongation at failure of E-glass. However, the tensile strength values of
the two composites were comparable.

Among the hybrid configurations, 1Hc-E (ss-ee-ss-ee) demonstrated the highest UTS of
170.92 MPa, followed by 2Hc-E (167.49 MPa), 3Hc-E (166.86 MPa), and 4Hc-E (162.74 MPa).
The tensile performance of the alternating ply configuration (4Hc-E) was the lowest, likely
due to the increased fiber-matrix interfacial area and stress concentrations arising from
misalignment at ply boundaries [54]. The elongation values at failure ranged from 6.75 mm
(4Hc-E) to 7.53 mm (Sc-E), with the higher ductility of Sc-E attributed to the greater failure
strain of S-glass fibers. These results are consistent with hybrid rule-of-mixtures predictions,
which suggest that the stiffness of the hybrid composites is generally lower than that of the
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stiffest constituent, while elongation at failure typically lies between those of the individual
constituents [34,55].

4.2. SEM Analysis of Tensile-Tested Hybrid Composite

The SEM images of the tensile-tested hybrid composite laminate (ss-ee-ss-ee), con-
sisting of 30 wt% S-glass fiber, 30 wt% E-glass fiber, and 40 wt% epoxy matrix material
(Figure 3a—f), reveal that multiple progressive failure mechanisms occurred during the
tensile loading. Stress concentration in the brittle epoxy regions and poor interfacial bond-
ing between the glass fibers and epoxy matrix were observed on the fractured surface, as
evidenced by extensive matrix cracks and fiber pull-out, as seen in Figure 3a. These cracks
propagated rapidly along the fiber—matrix interface and acted as initiation sites for further
damage evolution [15,56,57]. As seen in Figure 3b, significant delamination and fractured
fiber bundles were observed, indicating interlaminar failure and degradation of laminate
integrity under tensile loading. Figure 3c shows debonding and interlayer separation at
the interface, where stress transfer between matrix and reinforcing fibers reduced during
tensile deformation [58].

ber Pull-Out ™~

F 4

> e

' Matrix Cra&l\dﬁi

T "r.’:._ =
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Figure 3. (a—f) SEM micrographs illustrating the tensile fracture morphology of hybrid composites,
(a) image showing severe fiber pullout and matrix cracking in the hybrid S-glass/E-glass epoxy
composite after tensile loading, (b) image showing delamination and fractured fiber bundles caused
by tensile stress concentration, (¢) micrograph illustrating interfacial debonding and layer separation
between glass fiber plies, (d) image depicting matrix deformation and progressive fiber breakage
during tensile failure, (e) morphology showing void formation and crack propagation along the
fiber-matrix interface, and (f) high magnification image showing brittle fractured fiber ends and
micro-void development.

In Figure 3d, the SEM micrograph revealed severely deformed fibers within the matrix,
with fiber fracture occurring at the fiber-matrix interface due to excessive tensile loading,
indicating that the applied tensile stress exceeded the tensile strength of the glass fiber. As
seen in Figure 3e, void formation and crack propagation along the fiber-matrix interface
indicate localized damage accumulation and rapid crack growth prior to failure [59].
Furthermore, the high-magnification morphology in Figure 3f demonstrates brittle fiber
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fracture and the formation of micro-voids, confirming the inherently brittle failure behavior
of glass fibers. The debonded interfaces and fiber pullout indicate complete interfacial
failure, suggesting that the laminate underwent severe structural degradation [60].

Based on the microscopic load-elongation response, it is hypothesized that the pure
Sc-E and Ec-E laminates would differ from the hybrid in the absence of S-glass/E-glass
interfacial boundaries, macroscopically, Ec-E failed by a single, near-simultaneous multi-ply
fracture with a sharp load drop (Section 4.3, Figure 3b), consistent with a more homoge-
neous, brittle failure mode, whereas the hybrid laminate exhibited the more distributed,
multi-mechanism damage (matrix cracking, delamination, interfacial debonding, and fiber
pull-out) as captured directly in Figure 3. This inference from load-response curves is
offered as a working hypothesis for the origin of the hybrid effect, not as an observed
fracture mechanism. A comparative SEM micrograph of pure configuration fracture surface
(e.g., Ec-E), analogous to Figure 3, is indeed needed to confirm it directly and is planned
for future work.

It is important to note that UTS and Young’s modulus do not always exhibit a direct
correlation, as shown in Figure 4. The Ec-E composite exhibits the highest modulus and
a UTS comparable to that of Sc-E, indicating that stiffness and strength are governed by
different fiber properties (elastic modulus and tensile failure stress, respectively). In hybrid
composites, both properties generally decrease with increasing interfacial complexity;
however, in some cases (e.g., 2Hc-E), stiffness decreases more rapidly than UTS with
increasing interface complexity. This suggests that quality of the interface has a stronger
influence on stiffness than on ultimate failure load [61,62]. Detailed observations for each
configuration are as follows:

o  Sc-E (pure S-glass, blue): UTS = 188.99 MPa with a modulus of 1.42 GPa. The S-glass
fibers exhibit high inherent tensile strength, resulting in superior load-carrying capacity.
The modulus is slightly lower than that of E-glass due to the marginally higher
elongation at failure of S-glass, making it slightly more compliant.

e  Ec-E (pure E-glass, gray): with UTS of 188.42 MPa, and modulus of 1.60 GPa. The near-
equivalent UTS compared to SC-E and the highest Young’s modulus are attributed to
the higher stiffness of E-glass fibers. Although E-glass exhibits lower elongation at
failure than S-glass, its higher elastic modulus results in increased laminated stiffness.

e 1Hc-E (hybrid ss-ee-ss-ee, green): UTS decreases to 170.92 MPa. The inclusion of
E-glass layers within an S-glass dominant architecture slightly reduces tensile load
transfer efficiency (by approximately 10%), due to the presence of fiber-matrix shear
interfaces at S/E boundaries.

o  2Hc-E (hybrid sss-ee-sss, red): UTS = 167.49 MPa, modulus = 1.32 GPa. In this configu-
ration, S-glass outer layers (three plies) and an E-glass core (two plies) introduce elastic
mismatch between the outer and inner regions. This mismatch generates internal shear
stresses, which slightly reduce both UTS and stiffness.

e  3Hc-E (hybrid eee-ss-eee, orange): UTS = 166.86 MPa. With E-glass outer layers and
an S-glass core, the higher stiffness S-glass is underutilized, while the outer E-glass
layers are subjected to higher surface stresses. This configuration reduces overall
composite efficiency.

e  4Hc-E (fully alternating s-e-s-e, purple): This configuration exhibits the lowest tensile
strength (162.74 MPa) and modulus (1.36 GPa). The fully alternating stacking sequence
introduces the highest number of S/E interfaces, each acting as a potential stress
concentration site. The cumulative interfacial effect leads to the greatest reduction in
both strength and stiffness.
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Figure 4. Tensile strength (UTS, MPa) vs. Young’s modulus (GPa) of composite configurations.

4.3. Load vs. Elongation Analysis (Tensile)

The load-elongation curves presented in Figure 5a—f, illustrate the tensile behavior
of each composite configurations during elastic deformation and subsequent failure. In
general, the profiles highlight the dominant influence of fiber type, volume fraction, and
stacking sequence on load-bearing capacity and deformation tolerance [11,34,63-66]. The
load-elongation curve of Sc-E is exhibited in Figure 5a, where it illustrates a near linear elastic
response up to catastrophic failure at a load of 7881 N and an elongation of 7.53 mm. The
relatively high elongation at failure is consistent with the greater failure strain of S-glass
fibers (~5.4%), which allows more elastic energy to be stored before failure [67,68]. The steep
initial slope value reflects the high specific stiffness of S-glass fibers, while the absence of a
distinct yield point indicates brittle failure, typical of glass fiber composite materials [63,69].

The Ec-E profile exhibits the highest peak load (8903.02 N) and the steepest initial slope
among all configurations (Figure 5b). This behavior is attributed to the higher Young’s
modulus of E-glass fibers (~70-72 GPa). However, the elongation at failure (6.81 mm) is
lower than that of Sc-E, reflecting the lower failure strain (stretching) of E-glass (~4.8%). The
curve terminates with a sharp load drop, characteristic of simultaneous multi-ply fracture
occurs in a homogeneous woven glass laminate subjected to uniaxial tension [11,70,71].

The load-elongation curve of 1Hc-E is exhibited in Figure 5c, which shows a bilinear
response, consisting of an initial stiff elastic region followed by a slight inflection corre-
sponding to progressive damage accumulation at the S-glass/E-glass ply interfaces. Final
failure occurs at a load of 7025 N and an elongation of 7.26 mm. The intermediate elonga-
tion at failure is consistent with predictions from the hybrid rule-of-mixtures model, which
suggests that the failure strain of a hybrid composite lies between those of its constituent
materials [34,42]. Minor fluctuations in load near the peak value indicate progressive
fiber-bundle fracture and matrix cracking at dissimilar ply interfaces [67]. The curve for
2Hc-E (sss-ee-sss) exhibits a moderately steep initial slope, followed by a peak load of
7465 N at an elongation of 7.41 mm (Figure 5d). In this configuration, three S-glass plies
are positioned on the outer surfaces, while the core consists of E-glass plies, resulting in a
variation in stiffness across the laminate thickness. Under tensile loading, this modulus
mismatch generates internal shear stresses, which slightly reduce the overall stiffness and
maximum load compared with the pure Ec-E laminate [72]. The shape of the curve suggests
a controlled and progressive damage sequence, in which damage initiates in the outer
S-glass layers before propagating to the E-glass core.
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Figure 5. (a—f) Graphs of composites—Load Vs. Elongation under tensile test. Panel correspondence:
(a) Sc-E, (b) Ec-E, (c) 1Hc-E, (d) 2Hc-E, (e) 3Hc-E, and (f) 4Hc-E.

The load-elongation profile of 3Hc-E (eee-ss-eee) is exhibited in Figure 5e, where a

steep linear elastic region due to the presence of high-modulus E-glass plies on the outer

surfaces. The laminate reaches a maximum load of 7434 N and exhibits the second-lowest

elongation at failure (6.35 mm) among the hybrid configurations. The stiffer outer E-

glass layer carries a larger percentage of the applied load, while the inner S-glass layers

https:/ /doi.org/10.3390/ fib14090097


https://doi.org/10.3390/fib14090097

Fibers 2026, 14, 97

13 of 26

are not fully utilized to their load-bearing capacity. Consequently, the overall efficiency
of the hybrid laminate is reduced compared with the pure constituent laminates. The
abrupt drop in the load-elongation curve is characteristic of sudden delamination at the
E-glass/S-glass interfaces following failure of the outer plies [73,74]. The fully alternating
configuration of 4Hc-E (s-e-s-e-s-e) is shown in Figure 5f, where it exhibits the lowest peak
load (7691 N) and the shortest elongation to failure (6.75 mm) among all the composite
configurations. The load-elongation profile displays a series of small load drops prior to
ultimate fracture, indicating multiple stages of damage initiation at the numerous S-glass/E-
glass interfaces. This stepped damage behavior is typical of composites containing frequent
fiber-type boundaries, where each interface acts as a potential site for crack initiation and
propagation [9,34]. The increased number of dissimilar ply interfaces promotes interlaminar
damage at lower strain levels, resulting in reduced ductility and premature failure.

4.4. Flexural Properties

The flexural test results presented in Table 5 indicate a performance trend that differs
significantly from that observed in the tensile tests. The 1Hc-E hybrid configuration (ss-ee-
ss-ee) exhibited the highest flexural strength (416.60 MPa) and flexural modulus (26.08 GPa),
exceeding the corresponding values of both pure composite systems. This pronounced
positive hybrid effect can be attributed to the advantageous placement of S-glass plies in
the outer layers, where bending stresses are greatest, and E-glass plies near the neutral axis
region [9]. The outer S-glass layers effectively withstand the high tensile and compressive
stresses generated during bending, while the inner E-glass plies contribute to interlaminar
shear stiffness. The synergistic interaction between these layers results in enhanced flexural
performance compared with the individual constituent laminates.

The 4Hc-E configuration (s-e-s-e-s-e-s-e) exhibited a flexural strength of 228.00 MPa,
which was lower than that of the other hybrid configurations. However, it demonstrated the
highest flexural modulus of 35.48 GPa. This alternative ply arrangement suggests a trade-off
between strength and stiffness, where increased resistance to initial bending deformation
enhances stiffness but reduces resistance to ultimate failure. The 3Hc-E composite (eee-ss-eee)
with E-glass-dominant outer plies exhibited the lowest flexural modulus (13.55 GPa) and a
moderate flexural strength (128.80 MPa). This behavior can be attributed to the lower intrinsic
bending stiffness of the E-glass outer layers [75,76]. The relatively large deflection at failure
(9.67 mm) observed for 3Hc-E indicates that failure occurred through progressive damage
mechanisms, such as delamination and fiber pull-out, rather than through catastrophic
brittle fracture. The pure Sc-E composite exhibited a significantly higher flexural strength
(253.82 MPa) than that of pure Ec-E (112.01 MPa), demonstrating the superior mechanical
performance of S-glass fibers under fiber-dominated loading conditions.

The dual-axis graph in Figure 6 shows the flexural strength (MPa) on the left axis and
flexural modulus (GPa) on the right axis. Three-point bending test was conducted at a
crosshead speed of 5 mm/min. As illustrated in the figure, the relationship between stacking
sequence and flexural bending performance is highly nonlinear, with several hybrid laminates
demonstrating significantly improved performance compared with the pure laminates. The
Sc-E laminate (pure S-glass, blue) exhibited a flexural strength of 253.82 MPa, and a flexural
modulus of 21.01 GPa. The S-glass outer layers effectively resisted the high tensile and
compressive stresses generated during bending. A moderate deflection at peak load of
2.95 mm indicates a favorable balance between stiffness and ductility. In contrast, the Ec-
E (pure E-glass, gray) represents the most notable outlier. Although it exhibited a lower
flexural strength of 112.01 MPa, its tensile strength was comparable to that of Sc-E. The
flexural failure mode of E-glass was predominantly brittle, resulting in sudden failure under
stress redistribution. The flexural modulus was 16.95 GPa, the second lowest among all
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configurations, indicating relatively poor structural efficiency under bending loads. The
1Hc-E laminate (hybrid ss-ee-ss-ee, green) achieved a flexural strength of 416.60 MPa, the
highest among all configurations, representing increases of 64% and 272% compared with
Sc-E and Ec-E, respectively. The symmetric alternating layup positions of S-glass plies at the
outer tension and compression surfaces, where bending stresses are greatest, while E-glass
plies are located near the neutral axis to facilitate shear transfer. This configuration effectively
utilizes the superior tensile strength of S-glass in the region of maximum bending stress. The
laminate also exhibited a flexural modulus of 26.08 GPa.

Flexural Strength and Flexural Modulus Across Composite Configurations
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Figure 6. Flexural strength (MPa) vs. flexural modulus (GPa) of composite configurations.

The 2Hc-E laminate (2Hc-E hybrid sss-ee-sss) ranked second in overall flexural perfor-
mance. Concentrating three S-glass plies on each outer surface places the high-strength
fibers in the most critical stress-bearing regions, thereby enhancing flexural strength. How-
ever, the abrupt transition between the S-glass and E-glass layers near the core may pro-
mote interlaminar stress concentrations and delamination, limiting the flexural modulus to
14.69 GPa. The 3Hc-E laminate (hybrid eee-ss-eee, orange) exhibited a flexural strength
of 128.80 MPa, making it the second weakest configuration. Positioning E-glass, which
possesses lower flexural strength and a more brittle failure behavior, on the outer sur-
faces resulted in premature failure in the regions subjected to the highest bending stresses.
This laminate exhibited the largest deflection at peak load (9.67 mm), compared with
2.97-4.91 mm for the other configurations, indicating substantial deformation before failure
but under relatively low load levels. The flexural modulus was 13.55 GPa, the lowest
among all laminates evaluated. The 4Hc-E laminate (alternating s-e-s-e, purple) exhibited
moderate flexural strength but achieved the highest flexural modulus of all configurations
at 35.48 GPa. The final alternating stacking sequence maximizes the fiber-matrix interfacial
area, which significantly improves resistance to deflection during bending [77]. Despite its
relatively modest tensile performance, this architecture provides exceptional stiffness and
makes the 4Hc-E laminate particularly suitable for deflection-controlled structural applica-
tions. It is acknowledged that increased fiber-matrix interfacial area alone is unlikely to fully
account for a flexural modulus that exceeds both pure constituent laminates; additional
contributing mechanisms may include a thinner, more uniform resin-rich interlayer at each
single-ply interface that increases the effective bending stiffness of the section, and possible
local fiber straightening /nesting effects specific to the finely alternating lay-up. In the
absence of micromechanical modeling or additional replicate testing to confirm this result,
it is reported here as an experimental observation that warrants further investigation (e.g.,
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rather than a fully resolved mechanistic explanation.

4.5. SEM Study of Flexural Tested Hybrid Composite

A hybrid composite laminate with a stacking sequence of (ss-ee-ss-ee), consisting of
30 wt% S-glass fiber, 30 wt% E-glass fiber and 40 wt% epoxy matrix, was fabricated using the
hand lay-up method. The material configuration was subsequently characterized. SEM was
performed on a specimen subjected to flexural testing to investigate failure mechanisms. The
SEM examination revealed matrix cracking, fiber pull-out, fiber-matrix interfacial debonding,
delamination, crack propagation, and brittle fiber fracture [78,79]. The SEM micrographs
shown in Figure 7a—f were used to verify the flexural damage mechanisms in the hybrid
S-glass/E-glass epoxy laminate. Matrix cracking, as observed in Figure 7a, originated from
brittle epoxy-rich regions due to localized stress concentrations. The fiber pull-out and
interfacial debonding evident in Figure 7a,b indicate weakened stress transfer between the
glass fibers and the epoxy matrix. As observed in Figure 7b, delamination occurred between
adjacent laminate piles during bending deformation, indicating the interlaminar shear
failure [80]. The crack propagation and fiber fractures observed in Figure 7c demonstrate
the brittle failure of the reinforcing fibers once their flexural strength limit was exceeded.
In Figure 7d, matrix deformation and fiber breakage occurred simultaneously, indicating
a combination of matrix-dominated and fiber-dominated failure modes. Figure 7e shows
void formation and the growth of interlaminar cracks, suggesting the accumulation of
internal stresses prior to ultimate failure. The micrograph presented in Figure 7f reveals
severe interfacial debonding and extensive fiber fracture at the laminate ends, indicating
progressive structural degradation under flexural loading. Overall, the SEM morphology
confirmed the occurrence of mixed-mode flexural failure, involving the combined effects of
matrix cracking, interfacial debonding, delamination, and fiber fracture [81].
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Figure 7. SEM analysis of the flexural failed sample (a) image showing matrix cracking and fiber pull-
out during flexural loading, (b) image showing interfacial debonding and delamination, (c) image
indicating crack propagation and fractured glass fibers, (d) morphology showing matrix deformation
and fiber breakage, (e) image revealing void formation and interlaminar crack growth, and (f) morphol-
ogy showing severe debonding and fractured fiber ends.
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4.6. Load vs. Deflection Analysis (Flexural)
Analysis of Loads and Deflections—Flexural

The load-deflection curves obtained from the three-point bending tests for each com-
posite configuration are shown in Figure 8a—f. These curves provide valuable information
regarding bending stiffness, energy absorption capacity, failure mechanisms, and the influ-
ence of stacking sequence on flexural behavior [9,82]. The load-deformation curve for the
Sc-E (pure S-glass/epoxy) is shown in Figure 8a, where it exhibits a linear elastic response
up to a mid-span deflection of approximately 2.95 mm, followed by sudden failure at a
maximum load of 449.6 N. The high bending stiffness can be attributed to the uniform
distribution of S-glass plies throughout the laminate. The abrupt drop in load after reaching
the peak load is characteristic of brittle fracture, primarily caused by fiber breakage on the
tensile side of the specimen [63]. The relatively small deflection of failure indicates efficient
load transfer and minimal progressive damage, such as delamination, during bending.
This behavior serves as a benchmark for high-strength homogeneous S-glass composite
systems [83].

In contrast, the Ec-E (pure E-glass/epoxy) laminate exhibited a significantly lower
peak load of 155.5 N, while the failure deflection increased slightly to 3.34 mm (Figure 8b).
These results indicate that the Ec-E laminate possesses lower flexural stiffness than the
Sc-E laminate but exhibits greater compliance under bending loads. E-glass composites are
generally characterized by relatively brittle behavior and a limited ability to redistribute
interlaminar stresses between plies during three-point bending [9]. The gradual increase
in load followed by a single catastrophic fracture event suggests a predominately brittle
failure mode with limited ductility and damage tolerance.

The most notable load-deflection response was observed for the 1Hc-E laminate
(ss-ee-ss-ee), which achieved the highest peak load of 499.9 N at a mid-span deflection
of 3.17 mm, as shown in Figure 8c. The curve exhibits a pronounced linear elastic re-
gion followed by a distinct load-bearing plateau prior to failure, suggesting progressive
damage accumulation within the symmetric laminate architecture. In this configura-
tion, S-glass plies are positioned on the outer tensile and compressive surfaces, where
bending stresses are highest, thereby maximizing resistance to flexural loading. The
internal E-glass layers contribute to interlaminar shear stiffness and load transfer effi-
ciency [9,84,85]. Furthermore, the area under the load—deflection curve, which represents
the energy absorption capacity, is the largest among all configurations, confirming the su-
perior toughness of this hybrid laminate. This positive hybridization effect under flexural
loading is consistent with findings reported for comparable carbon/glass hybrid composite
systems [30,86].

The 2Hc-E laminate exhibited a relatively high peak load of 410.7 N at a deflection
of 2.97 mm, which is comparable to the failure deflection observed for the pure Sc-E (see
Figure 8d). (sss-ee-sss). The concentration of three S-glass plies on each outer surface en-
hances load-carrying capability by placing the strongest reinforcement in regions subjected
to the highest bending stresses. However, the abrupt transition from S-glass to E-glass at
the core-face interface may create resin-rich regions that are susceptible to interlaminar
delamination. Despite this potential weakness, the laminate maintained a high load-bearing
capacity throughout most of the loading process. The abrupt load drop observed near the
end of the test suggests that final failure was primarily governed by core delamination at
the S-glass/E-glass interface rather than tensile fiber fracture.
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The load-deflection response of 3Hc-E laminate (eee-ss-eee) is shown in Figure 8e,
which differs markedly from those of the other configurations, exhibiting the lowest initial
slope, the lowest peak load (210.4 N), and the highest failure deflection (9.67 mm). The
staircase-like profile and gradual increase in deflection indicate a progressive damage
mechanism. In this configuration, the brittle E-glass outer plies fail at relatively low loads,
after which the more ductile S-glass core increasingly carries the applied load until ultimate
failure occurs. This behavior results in an extended damage progression characterized
by fiber pull-out, matrix cracking, and delamination [87]. The low flexural modulus of
13.55 GPa can be attributed to the limited bending rigidity of the E-glass-dominated outer
layers [88]. The load-deflection curve for the 4Hc-E laminate (s-e-s-e-s-e), is shown in
Figure 8f, which exhibits the steepest initial slope among all configurations, corresponding
to the highest measured flexural modulus of 35.48 GPa. This exceptional stiffness is at-
tributed to the finely alternating single-ply stacking sequence, which maximizes the density
of fiber-matrix interfaces throughout the laminate. The increased interfacial area effectively
impedes the propagation of bending-induced cracks by promoting crack deflection at
each S-glass/E-glass interface [36]. The laminate achieved an intermediate peak load of
273.6 N and a failure deflection of 4.91 mm, indicating a balanced combination of stiffness
and deformation capability. Consequently, this configuration is particularly suitable for
applications where deflection control is critical, although it does not fully exploit the tensile
strength potential of either fiber constituent.

4.7. Interlaminar Shear Strength (ILSS)

The interlaminar shear strength (ILSS) results are presented in Figure 9 and Table 6. The
highest ILSS value was recorded for the pure S-glass/epoxy laminate (Sc-E), with a value of
16.52 MPa, which was slightly higher than that of the pure E-glass/epoxy laminate (Ec-E)
at 16.04 MPa. Among the hybrid laminates, the 4Hc-E configuration exhibited the highest
ILSS value of 14.52 MPa, followed closely by 1Hc-E with 14.44 MPa. Lower ILSS values
were observed for 2Hc-E and 3Hc-E, measuring 11.62 MPa and 10.54 MPa, respectively.
Overall, the hybrid laminates demonstrated lower ILSS values than the corresponding pure
fiber-reinforced composites. This reduction in interlaminar shear strength has been widely
reported in the literature and is generally attributed to increased stress concentrations at the
interfaces between dissimilar fiber types, as well as the formation of resin-rich interlayer
regions during the hand lay-up process [89,90]. These factors can weaken interfacial
bonding and promote the initiation of interlaminar failure under shear loading.

. Sc-E BN 1Hc-E BN 3Hc-E
18 4 B Ec-E B 2Hc-E BN 4Hc-E

16.52

16 1

14.44 14.52

hiiiiion

11.62

10 1

Sc-E Ec-E 1HC-E 2Hc-E 3Hc-E 4Hc-E
Composite Code

Figure 9. Interlaminar shear strength (MPa) comparison of composites.

https://doi.org/10.3390/ fib14090097


https://doi.org/10.3390/fib14090097

Fibers 2026, 14, 97

19 of 26

Table 6. ILSS test results (cross loading speed—3 mm/min). Values represent the mean of four replicate
specimens (1 = 4) per configuration.

SI. No. Sample Code ILSS (MPa)
1 Sc-E 16.52
2 Ec-E 16.04
3 1Hc-E 14.44
4 2Hc-E 11.62
5 3Hc-E 10.54
6 4Hc-E 14.52

The relatively high ILSS value observed for the 4Hc-E laminate, which features an
alternating ply sequence, suggests that crack propagation along a single interlaminar plane
is effectively impeded through repeated crack deflection at successive interfaces [91]. The
increased number of fiber-matrix and fiber-fiber interfaces likely contributes to enhanced
resistance against interlaminar crack growth, thereby improving the laminate’s overall
shear performance. In contrast, the 3Hc-E laminate, consisting of E-glass outer plies and an
S-glass core, exhibited the lowest ILSS among the hybrid configurations. This reduction in
interlaminar shear strength may be attributed to the mismatch in elastic properties between
the dissimilar fiber layers, which can generate elevated interlaminar shear stress concentra-
tions, as predicted by classical lamination theory [92]. Such stress concentrations promote
the initiation and propagation of interfacial damage, ultimately reducing resistance to
shear loading. These findings support the established design principle that symmetric and
balanced laminate configurations are effective in minimizing induced interlaminar stresses
during service, thereby enhancing the structural integrity and durability of composite
laminates [93].

4.8. Hardness

The Shore D and Barcol hardness values are presented in Figure 10 and Table 7. The
highest hardness values were recorded for the Sc-E laminate, with a Shore D hardness of
90 and a Barcol hardness of 50. In contrast, the lowest hardness values were observed
for the 4Hc-E laminate, which exhibited a Shore D hardness of 80 and a Barcol hardness
of 32. A general decrease in hardness was observed with changes in the hybrid laminate
configurations, indicating that the stacking sequence and distribution of fiber types sig-
nificantly influence surface hardness characteristics. The superior hardness exhibited by
the Sc-E laminate may be attributed to the greater contribution of S-glass fibers to surface
load resistance and indentation resistance. Conversely, the lower hardness values recorded
for the hybrid laminates suggest reduced resistance to localized surface deformation. The
progressive reduction in Barcol hardness across the laminate configurations may also reflect
variations in the degree of cure and the presence of surface or near-surface voids. These
factors are influenced by both the type of reinforcement fiber and the fiber arrangement
during the ambient curing process [94]. Consequently, differences in laminate architec-
ture can affect not only the mechanical performance but also the surface integrity and
hardness characteristics of the composite material. Because all laminates were cured at
ambient temperature without post-cure, the epoxy matrix may not have reached its max-
imum achievable crosslink density; differential scanning calorimetry (DSC) or dynamic
mechanical analysis (DMA), which has previously been used to characterize the glass
transition behavior of E-glass/epoxy systems [37], would allow the cure state to be quan-
tified directly and would help confirm whether the hardness trend reported here reflects
genuine differences in fiber architecture or partly reflects local variation in cure degree
between plates.
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Figure 10. Shore D (solid bars) and Barcol (hatched bars) hardness comparison of composites.

Table 7. Hardness test results of composites. Values represent the mean of four replicate specimens
(n = 4) per configuration, each measured at a minimum of five locations.

SI. No. Sample Code Shore D Hardness Barcol Hardness
1 Sc-E 90 50
2 Ec-E 89 49
3 1Hc-E 88 48
4 2Hc-E 87 45
5 3Hc-E 85 35
6 4Hc-E 80 32

4.9. Overall Property Comparison—Radar Chart

A radar (spider) chart of each composite is shown in Figure 11, providing a compre-
hensive visual comparison of the measured mechanical properties. All properties were
normalized to a common scale to facilitate direct comparison of the different performance
metrics within a single plot. The Sc-E (blue) and Ec-E (gray) laminates exhibit the largest
and most balanced radar profiles, indicating consistently strong performance across multi-
ple mechanical properties, including tensile behavior, ILSS, and hardness. These results
demonstrate the overall effectiveness of the pure laminate configurations in maintaining
a balanced mechanical response. In contrast, the 1Hc-E laminate (green) displays a more
asymmetric profile, characterized by a pronounced peak in the flexural strength axis and
moderate performance across the remaining properties. This profile confirms its supe-
rior suitability for bending-dominated applications and highlights the beneficial effect of
hybridization on flexural performance.

The 4Hc-E laminate (purple) exhibits a distinct peak in the flexural modulus axis while
showing comparatively lower values in tensile and hardness properties. This performance
profile reflects a laminate architecture optimized for stiffness and resistance to deflection
rather than maximum strength. The finely alternating stacking sequence contributes to
enhanced flexural rigidity but does not fully exploit the tensile capabilities of either fiber
type. Among all configurations, the 3Hc-E laminate (orange) exhibits the smallest overall
radar area, indicating comparatively poor performance across most measured properties.
Its relatively low tensile, flexural, and interlaminar shear properties suggest that this
stacking sequence is less suitable for structural applications where a balanced combination
of strength, stiffness, and durability is required.
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Figure 11. Radar chart comparing all mechanical properties of the six composite configurations.
Larger area indicates superior overall mechanical performance.

Overall, the radar chart highlights the strong influence of stacking sequence on com-
posite performance and demonstrates that different laminate architectures can be tailored
to meet specific mechanical requirements. While the pure laminates provide the most
balanced overall performance, the hybrid configurations offer opportunities for targeted
property enhancement, particularly in flexural applications.

4.10. Study Limitations

Several limitations of the present study, raised during peer review, are noted here for
transparency and to guide future work. (i) Young’s modulus values were derived from
crosshead displacement without direct strain measurement and are therefore compliance-
affected underestimates (Section 3.4). (ii) Void content was not quantified, so part of the
observed property scatter, particularly for ILSS and flexural strength, may reflect hand-
layup processing variability between plates rather than stacking-sequence effects alone
(Section 3.2). (iii) Four replicate specimens (1 = 4) were tested for each configuration and for
each property reported in Tables 4-7. The corresponding standard deviations have not yet
been included in these tables. The raw data for all individual replicates have been located
in the laboratory records, and standard deviations are currently being calculated directly
from those values. These values will be included in a future revision because several of the
differences between the hybrid configurations are relatively small and cannot be interpreted
with confidence without considering the experimental variability. (iv) SEM fractography
was performed only on the 1Hc-E hybrid for both tensile and flexural loading; a direct
comparison with a pure configuration is planned to substantiate the qualitative comparison
offered in Section 4.2. (v) Fiber contents are reported in weight fractions for consistency with
the fabrication process, but the corresponding volume fractions (Table 3) should be used
when comparing against rule-of-mixtures predictions, since S-glass and E-glass differ in
density. (vi) All laminates were cured at ambient temperature without post-cure; the hard-
ness results (Section 4.8) suggest that the degree of cure may vary between configurations,
and dynamic mechanical analysis (DMA) is recommended in future work to confirm the
matrix cure state and glass transition temperature. (vii) Supplier/manufacturer datasheet
properties for the S-glass satin-weave fabric and for E-glass fiber are now provided in
Table 1 (Section 3.1); note that the E-glass entry is a generic filament-level datasheet rather
than a fabric-specific sheet from Sun Tech Fibers, and should be replaced with the actual
supplier’s fabric datasheet if available. None of these limitations are believed to change
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the principal conclusions regarding the influence of stacking sequence on the measured
properties, but they should be considered when generalizing the absolute property values
reported here.

In addition, the present study characterizes the six laminates only under quasi-static
loading at ambient laboratory conditions. The authors recognize that the relative perfor-
mance of the stacking sequences could change under elevated or reduced temperature,
thermal cycling, humidity exposure, or repeated bending/folding, all of which are relevant
to the intended structural applications of these hybrid laminates. Evaluating these service
conditions is identified as an important direction for future work and falls outside the scope
of the present study.

5. Conclusions

The hand layups produced in this work have been systematically characterized and
the following main conclusions are drawn. The Ec-E specimen exhibited the highest peak
load capacity (8903.02 N), UTS (188.42 MPa), and Young’s modulus (1.60 GPa), while
the Sc-E specimen exhibited the greatest elongation at failure (7.53 mm), consistent with
the higher intrinsic failure strain of S-glass fibers. The flexural properties of the 1Hc-E
hybrid configuration (ss-ee-ss-ee) were found to show significant improvement over both
of the pure composites (416.60 MPa flexural strength and 26.08 GPa modulus), with the
optimum placement of S-glass on the outermost plies, namely the ones that experience the
highest bending stresses. For 3Hc-E, the lowest ILSS (10.54 MPa) was observed, indicating
that the interlaminar shear resisting property is significantly degraded by the presence
of high modulus mismatch through the thickness of the laminate in 3Hc-E. The hardness
values of the samples decreased monotonously as the E-glass content increased in the
surface plies and the difference in surface fiber packing density. Hardness values decreased
monotonously from Sc-E (Shore D 90, Barcol 50) to 4Hc-E (Shore D 80, Barcol 32), correlating
with increasing E-glass content in surface plies and differences in surface fiber packing
density. SEM spectrograph determined that all configurations exhibited mixed-mode
failure, involving brittle fracture of the fibers, cracking of the matrix material, debonding at
the interface, as well as delamination. The interlaminar cracks became more tortuous as
the hybrid interleaving became finer. It is confirmed that stacking sequence is an important
design variable and that hybrid composites can be designed to give superior performance in
certain loading conditions, offering an economical route to optimization of the performance
of structural composites.
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