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In this study, the effect of stacking sequence on the mechanical properties and low-velocity impact behavior
of hybrid Innegra/flax composites was experimentally investigated. Two symmetric stacking sequences,
[F2/L]s and [LI/F]s, were fabricated using the hand lay-up technique and subjected to tensile, flexural, and
low-velocity impact tests. Low-velocity impact tests were conducted at three impact energy levels of 5.64,
11.28, and 22.56 J. The impact response was evaluated using force—time, force—displacement, and absorbed
energy—time curves. The tensile results revealed that the [Io/Fz]; laminate exhibited superior mechanical
performance, achieving a tensile strength of 75 MPa and a tensile modulus of 5.08 GPa, compared with 71
MPa and 4.51 GPa for the [F2/L.]s laminate. In the flexural test, the [F2/L.]s laminate exhibited a flexural
strength of 128 MPa and a flexural modulus of 0.095 GPa, whereas the [I./Fz]; laminate showed a higher
flexural strain of 5.75%. Furthermore, the impact results demonstrated that placing flax fibers in the outer
layers increased the peak impact force at intermediate and high impact energy levels. In contrast,
positioning Innegra fibers in the outer layers produced more symmetric force—time responses, a more
gradual reduction in contact force, and delayed the propagation of internal damage, thereby enhancing the
overall impact performance of the hybrid composite.
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1.05-1.20 0.84 1.35 g/cm?® &=
80-95 667 630 MPa
3.2-3.7 14.8 60 GPa

5-6 12 1.5 %

120-150 - - MPa
3.3-3.8 - - GPa
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Fig. 1 Schematic illustration of the stacking sequences of the
composite laminates: a) [F,/1,]s, b) [I,/F,];.
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Fig. 3 Schematic view of the three-point bending test performed on
composite specimens using the STM-150 universal testing machine.
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Fig. 2 View of the STM-150 universal testing machine and the
configuration of the composite specimen during the uniaxial tensile
test.
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Fig. 5 Force—displacement curves obtained from the tensile test of
Innegra/flax composite laminates with different stacking sequences.
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Fig. 4 General view of the low-velocity impact test apparatus: a)
Open view b) View of the sample and impactor
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Table 2 Tensile properties of Innegra/flax composite laminates with different stacking sequences.

Ages (N) 5, (mm) olal> (MPa) s % 5,5 (GPa) Jgae
[F2/12]s 6095.25+541 0.7265+0.134 71+4.3 1.4410+0.26 4.507+0.558
[L/F2]s 6532.25+1149 0.7421+0.154 75+14 1.4842+0.30 5.081+0.694
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Fig. 6 Force—displacement curves obtained from the flexural test of

Innegra/flax composite laminates with different stacking sequences.
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Table 3 Flexural properties of Innegra/flax composite laminates with different stacking sequences.
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Fig. 8 Force-time curves of flax/Innegra hybrid composites with
stacking sequences [F2/I2]; and [I/F:]; under an impact energy of 5.64
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Fig. 7 Photographs of the specimens after the flexural test: a) [F2/L]s,
b) [L/F2]s.
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Fig. 10 Force—-time curves of flax/Innegra hybrid composites with

stacking sequences [F2/L:]y and [I/F:]; under an impact energy of

11.28J.
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Fig. 9 Macroscopic images of impact-induced damage at an impact
energy of 5.64 J: a) front surface of the [F2/I2]; specimen, b) front
surface of the [Io/F:]s specimen, c) rear surface of the [Fa/l2],
specimen, and d) rear surface of the [I./F:]; specimen.
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Fig. 13 Macroscopic images of impact-induced damage at an impact
energy of 22.56 J: a) front surface of the [F2/L]; specimen, b) front
surface of the [I2/F2]; specimen, c) rear surface of the [Fa/L]s
specimen, and d) rear surface of the [I./F2] specimen.
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Fig. 11 Macroscopic images of impact-induced damage at an impact
energy of 11.28 J: a) front surface of the [F2/L.]; specimen, b) front
surface of the [Lo/F:]s specimen, c) rear surface of the [Fa/l2]
specimen, and d) rear surface of the [L./F:]; specimen.
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Fig. 12 Force-time curves of flax/Innegra hybrid composites with

stacking sequences [F2/L:]; and [L/F:]; under an impact energy of

22.56 J.
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Fig. 14  Force—displacement curves of flax/Innegra hybrid
composites with stacking sequences [F2/Iz]; and [I2/Fz]s under an
impact energy of 5.64 J.
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Fig. 15  Force-displacement curves of flax/Innegra hybrid
composites with stacking sequences [F2/L2]; and [I2/Fz]y under an
impact energy of 11.28 J.
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Fig. 18 Absorbed energy-time curves of flax/Innegra hybrid

composites with stacking sequences [F2/Iz]; and [Lo/Fz]; under an

impact energy of 11.28 J.
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Fig. 17 Absorbed energy-time curves of flax/Innegra hybrid
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impact energy of 5.64 J.
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Assessing the mechanical behaviour of hybrid electrospun polyurethane-glass

fibers/epoxy composite under the tensile and flexural loadings
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In this research work, the effect of adding electrospun polyurethane fibers on the mechanical properties of
epoxy/glass fiber composites was investigated. For this purpose, composites containing different layers of
polyurethane fibers (0, 1, 2, 3, and 5) and 4 layers of glass fibers were fabricated in a hybrid manner with
symmetric layups. Then, their mechanical properties were evaluated under tensile and flexural loadings.

Under tensile loading, the composite without electrospun fibers exhibited the highest tensile strength and
elastic modulus, while the addition of one layer of electrospun polyurethane fibers resulted in 4.5% and
32.4% reductions in these properties, respectively, compared with the composite without electrospun fibers.
In contrast, the addition of one layer of electrospun fibers resulted in an 82% increase in absorbed energy,
from 4.61 x 10° kJ/m? to 8.39 x 10° kJ/m®. Moreover, the highest fracture strain, equal to 0.051 mm/mm,
was obtained in the composite containing 5 layers of electrospun fibers, which showed a 96.2% increase
compared with the value of 0.026 mm/mm for the composite without electrospun fibers. Under flexural
loading, the highest flexural strength was obtained in the composite containing 2 layers of electrospun fibers,
with a value of 262 MPa, which represented a 74.7% increase compared with the value of 150 MPa for the
composite without electrospun fibers. Furthermore, the flexural modulus increased with increasing number
of electrospun fiber layers, from 11.19 GPa in the composite without electrospun fibers to 18.72 GPa in the

specimen containing 5 layers, representing a 67.3% increase.

Please cite this article using: 10S oolitul 5 &)le 5l dlie o gl )l gl
Shariati Rad, S., Ebrahimnezhad-Khaljiri, H., Ghadi, A., “Assessing the mechanical behaviour of hybrid electrospun polyurethane-glass fibers/epoxy
composite under the tensile and flexural loadings,” In Persian, Journal of Science and Technology of Composites, Vol. 13, No. 1, pp. 2959-2968,

2026. https://doi.org/10.22068/jstc.2026.2094283.1965
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Fig. 2. The stress-strain curve of hybrid glass fibers-electrospun
polyurethan fibers composites under the tensile loading
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Fig. 5. The effect of different layers of electrospun polyurethan fibers
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fibers composites under the tensile loading
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Fig. 8. The effect of different layers of electrospun polyurethan fibers
on the flexural strength of hybrid glass fibers-electrospun polyurethan
fibers composites
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Fig. 11. The FESEM analysis from electrospun polyurethan fibers for
using in hybrid glass fibers-electrospun polyurethan fibers
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Fig. 9. The effect of different layers of electrospun polyurethan fibers
on the flexural modulus of hybrid glass fibers-electrospun
polyurethan fibers composites
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Fig. 10. The effect of different layers of electrospun polyurethan
fibers on the flexural strain of hybrid glass fibers-electrospun
polyurethan fibers composites
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