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reached over ~110 MPa against about ~30 MPa for the neat epoxy condition. In addition, the tensile
modulus also followed similar trend with an increase of over three times for the ERC in comparison to
the neat epoxy.

In fact, the significant improvement in the tensile strength could be explained on the basis of the
simple fiber–matrix interaction and fracture behavior for polymer matrix reinforced fiber composites.
In this unidirectional tensile test, the fibers in the fabric that are aligned with the applied stress will be
mainly responsible for absorbing the load that the material has been subjected to. These fibers will
act as obstacles for the crack propagation through the epoxy matrix resulting in the enhanced tensile
strength. Figure 5b–d show the macrophotograph of a fractured specimen as well as SEM images
of the fractured surface. One can see that all specimens’ fractures tend to occur transversally to the
tensile axis. As can be seen from Figure 5b, no evidence of fabric participation was observed, which
indicates the absence of the pull-out effect. This behavior could also be attributed to the fact that the
fibers parallel to the tensile stress, present in the outer face of the specimen during the test, tend to
be pulled out from the matrix. Whereas those in perpendicular position tend to hold into the matrix,
avoiding the pull-out effect. However, one can see from Figure 5d that the fabric slightly pulls out from
the matrix. This is due to a small delamination effect, common in composites reinforced with textile
materials, such as natural fabrics. In spite of this effect, the fabric still maintains a reasonable adhesion
to the matrix. It can also be noticed that, based on the fracture marks of the epoxy matrix surface,
shown in Figure 5c, the fabric acted as a barrier to crack propagation, justifying the higher composite
tensile strength as compared to the correspondent value of plain epoxy. These results are similar to
those reported by Gu et al. [49], where ramie/epoxy composites were prepared with a slightly higher
amount of fabric. They measured a tensile strength of about ~100 MPa for a composite with a fiber
mass fraction of 42.5%.Polymers�12020,�112,�1x�1FOR�1PEER�1REVIEW�1 6�1of�112�1
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Figure �15.�1Tensile�1properties�1(a)�1results,�1(b)�1macroscopic�1failure, �1(c)�1matrix �1failure, �1and�1(d)�1fiber �1failure. �1

In�1fact,�1the�1significant �1improvement �1in�1the�1tensile�1strength�1could�1be�1explained�1on�1the�1basis�1of�1the�1
simple�1fiber–matrix �1interaction �1and�1fracture�1behavior�1for �1polymer �1matrix �1reinforced�1fiber �1composites.�1
In�1this�1unidirectional �1tensile�1test,�1the�1fibers�1in�1the�1fabric�1that�1are�1aligned�1with �1the�1applied �1stress�1will �1
be�1mainly �1responsible�1for �1absorbing�1the�1load�1that�1the�1material �1has�1been�1subjected�1to.�1These�1fibers�1will �1
act�1as�1obstacles�1for �1the�1crack�1propagation �1through �1the�1epoxy�1matrix �1resulting �1in�1the�1enhanced�1tensile�1
strength.�1Figure�15b–d�1show�1the�1macrophotograph �1of�1a�1fractured �1specimen�1as�1well �1as�1SEM�1images�1of�1
the�1fractured �1surface.�1One�1can�1see�1that�1all �1specimens’�1fractures�1tend�1to�1occur�1transversally �1to�1the�1
tensile�1axis.�1As�1can�1be�1seen�1from �1Figure�15b,�1no�1evidence�1of�1fabric�1participation �1was�1observed,�1which �1
indicates�1the�1absence�1of�1the�1pull �,out�1effect.�1This�1behavior�1could�1also�1be�1attributed �1to�1the�1fact�1that�1the�1
fibers�1parallel �1to�1the�1tensile�1stress,�1present�1in�1the�1outer�1face�1of�1the�1specimen�1during �1the�1test,�1tend�1to�1be�1
pulled �1out�1from �1the�1matrix. �1Whereas�1those�1in�1perpendicular �1position �1tend�1to�1hold �1into �1the�1matrix, �1
avoiding �1the�1pull �,out�1effect.�1However, �1one�1can�1see�1from �1Figure�15d�1that�1the�1fabric�1slightly �1pulls �1out�1
from �1the�1matrix. �1This�1is�1due�1to�1a�1small�1delamination �1effect,�1common�1in�1composites�1reinforced�1with �1
textile�1materials,�1such�1as�1natural �1fabrics.�1In�1spite�1of�1this�1effect,�1the�1fabric�1still �1maintains�1a�1reasonable�1
adhesion�1to�1the�1matrix. �1It �1can�1also�1be�1noticed�1that,�1based�1on�1the�1fracture�1marks�1of�1the�1epoxy�1matrix �1
surface,�1shown�1in�1Figure�15c,�1the�1fabric�1acted�1as�1a�1barrier �1to�1crack�1propagation, �1justifying �1the�1higher �1
composite�1tensile�1strength�1as�1compared�1to�1the�1correspondent�1value�1of�1plain �1epoxy.�1These�1results�1are�1
similar �1to�1those�1reported�1by�1Gu�1et�1al.�1[49],�1where�1ramie/epoxy �1composites�1were�1prepared�1with �1a�1
slightly �1higher �1amount �1of�1fabric.�1They�1measured�1a�1tensile�1strength�1of�1about�1~100�1MPa�1for �1a�1composite�1
with �1a�1fiber �1mass�1fraction �1of�142.5%.�1

Table�11�1presents�1other�1properties�1that�1could�1be�1calculated�1from �1the�1tensile�1test�1result,�1such�1as�1
toughness,�1modulus �1of�1resilience�1and�1ductility. �1In�1particular, �1the�1toughness�1and�1modulus �1of�1resilience�1
of�1the�1ERC�1display �1almost�1twice�1of�1the�1value�1calculated�1for �1the�1neat�1epoxy.�1On�1the�1other�1hand,�1
ductility �1was�1observed�1to�1be�1the�1same�1for �1both�1materials�1within �1the�1standard�1deviation. �1

Table �11.�1Other�1calculated�1tensile�1properties.�1

Properties�1 Neat�1Epoxy�1 ERC�1
Toughness�1 87.8�1±�114.5�1MJ/m3�1 184.7�1±�116.8�1MJ/m3�1

Modulus �1of�1Resilience�1 12.5�1±�11.1�1MJ/m3�1 21.5�1±�15.7�1MJ/m3�1
Ductility �1 3.18�1±�10.31%EL�1[in �157�1mm] �1 4.71�1±�11.26%EL�1[in �157�1mm] �1

Figure 5. Tensile properties (a) results, (b) macroscopic failure, (c) matrix failure, and (d) fiber failure.

Table 1 presents other properties that could be calculated from the tensile test result, such as
toughness, modulus of resilience and ductility. In particular, the toughness and modulus of resilience
of the ERC display almost twice of the value calculated for the neat epoxy. On the other hand, ductility
was observed to be the same for both materials within the standard deviation.
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Table 1. Other calculated tensile properties.

Properties Neat Epoxy ERC

Toughness 87.8 ± 14.5 MJ/m3 184.7 ± 16.8 MJ/m3

Modulus of Resilience 12.5 ± 1.1 MJ/m3 21.5 ± 5.7 MJ/m3

Ductility 3.18 ± 0.31%EL [in 57 mm] 4.71 ± 1.26%EL [in 57 mm]
Elongation at fracture 0.81 ± 0.023 mm 0.88 ± 0.015 mm

3.3. Flexural Properties

Figure 6a shows the results for flexural strength and flexural modulus for both prepared ERC
composite and neat epoxy. Indeed, the Boehmeria nivea fabric reinforcement in the epoxy matrix
increased significantly both flexural strength and modulus, from about ~60 to over ~130 MPa and
around ~2 to almost ~6.5 GPa, respectively.

Figure 6b shows the partial rupture of a specimen after the bend test. A closer look at the
macrophotograph suggests that during the fracture of the composite sample, adhesion between the
matrix and both the fibers and their fabric has not been lost. The absence of macroscopic evidence of the
pull-out of fibers is indicative of an effective adhesion between the fabric reinforcement and the epoxy
matrix, which might be associated with the superior flexural resistance achieved by the ERC composite.
Figure 6c,d exhibit the fracture surface of the composite after bend test. Figure 6c reveals that the
fabric causes the deviation of cracks during their propagation. It is also noticed that the fibers fracture
occurs at the same level of the matrix, revealing that the fabric was not pulled out from the epoxy
matrix. This behavior was also observed in the tensile strength specimens and, as aforementioned,
indicates that the fabric worked as an efficient barrier to crack propagation. In Figure 6d, one again
may observe a slight pull-out effect. The strong interaction between the fabric fibers and the epoxy
matrix can be related to both the physical treatment of fabric before producing the composite and
to the VARIM technique. This is a relevant improvement regarding the commonly weak interface
interaction displayed by natural fibers when reinforcing polymeric matrices [1–12].
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