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Abstract

In this study, the influence of stitching with natural fibers on the impact and post impact properties of
the flax fiber laminates were experimentally investigated. The twistless flax yarn and twisted cotton
thread were used to stitch four layers of flax woven fabric together at an equivalent stitch density.
Unstitched cross-plies [0,90]4s of continuous flax fibers were also manufactured at a similar thickness
for benchmarking. The flax/epoxy composites were prepared by vacuum assisted resin infusion. The
low-velocity drop weight impact test were conducted at two different energy levels to attain both non-
perforation and full perforation impact, in order to assess the impact damage resistance and impact
energy absorption behavior of the composite. The damage tolerance of the stitched and unstitched flax
fibers composites were evaluated by means of the compression after impact test. The stitched laminates
was found to absorb slightly more impact energy by facilitating formation of cracks in the laminates at
non-perforation impact. They also showed lower residual effective stiffness compared to unstitched
laminate. In the all laminates, fiber failure was the dominant failure mode under impact load.

1. Introduction

The use of natural plant fibers as reinforcement in the polymer composites is becoming more common
due to their promising properties such as high specific stiffness, good acoustic insulation and vibration
damping, and less environmental impacts [1]. Among the various plant fibers with such desirable
characteristics, flax fibers possess the higher performance in terms of strength and stiffness per density,
which makes them suitable reinforcing fibers for many applications. In order to utilize the maximum
load carrying capacity of the flax fibers, it is necessary to use them in the form of long continuous uni-
directional or textile woven by optimally twisted yarns in the laminate composites [2,3].

Generally, one of the most important failure modes in the laminate composites is the interlaminar failure
or delamination. Through-the-thickness stitching of the fiber preforms is a convenient and cost-effective
technique which is commonly used to improve the interlaminar properties of the laminates [4,5].
However, it can also influence on the other characteristics such as impact resistance and damage
tolerance of the composites [6,7]. Unlike the man-made fiber reinforced composites, the influence of
stitching on the properties of natural fiber composites is seldom reported. Rong et al. [8] carried out an
investigation on the factors that influence in-plane mechanical responses and mode | interlaminar
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fracture toughness of unidirectional sisal/epoxy laminates stitched by Nylon and Kevlar threads. It was
found that tensile and flexural properties were not significantly affected by stitching, while the
delamination resistance was improved via an expanded fiber bridging zone.

In general, the performance of the structures made of composite laminates are susceptible to transverse
impact damages caused by low velocity incidents such as tool dropping during manufacturing, stone or
debris strike, etc. Hence, low-velocity impact behavior of composite laminates is one of the major design
concerns of structures made of these materials. In this regards, the low-velocity impact response and
post impact behavior of natural fiber composites laminates have been studied by some authors [9-19]
to understand their functionality under impact loading. Dhakal et al. [15] showed that the low-velocity
impact properties of non-woven hemp fiber laminates with higher volume fraction (Vs) in terms of
impact energy absorption is comparable to the chopped mat E-glass fiber composites with equivalent
V. Vasconcellos et al. [13] has reported the experimental results of the impact resistance of plain woven
hemp/epoxy composite laminates at three different impact energies and the post impact behavior by
means of tensile and tension-tension fatigue tests. They observed that the influence of impact damage
on the residual tensile stiffness of the impacted specimens was very small. As of today, no previous
work has been reported on the influence of through-the-thickness reinforcing on the low velocity impact
performance of the NFCs in literature.

This paper presents an experimental investigation on the influences of stitching using natural fibers,
firstly, on the impact behavior and secondly, residual compressive properties of the flax fiber laminates.
The twist-less flax yarn and twisted cotton thread were used to stitch four layers of the flax woven fabrics
at an equivalent and optimum stitch density. Unstitched cross-plies [0,90]4s of continuous flax fibers
were also manufactured at similar thickness for benchmarking. The Low-velocity drop weight impact
test were conducted at two different impact energies, 19.6J and 44.6J, to assess the impact damage
resistance and impact energy absorption behavior. Finally, the influence of impact damage on the
residual compressive properties were evaluated by compression after impact (CAl) test.

2. Experimental
2.1. Material preparation
2.1.1. Material

A low-viscosity thermo-set resin system Epolam 5051 (mixed viscosity: 200 mPa.s at 25°C) was used
as polymer matrix. The fiber preforms were made by woven 4>4 hopsack standard fabric (Composite
Evolution, UK) and UD flax fibres (LINEO, Belgium). Stitching of the preforms were conducted using
30tex cotton thread (Guiermann, Greece) and 250tex twistless flax yarn (Composite Evolution, UK).

2.1.1. Preform stitching and composite manufacturing

The stitching of woven preforms were carried out at an optimum stitch density using 250tex flax yarn
and 30tex cotton thread [20]. The cotton thread stitching process were conducted using commercial
sewing machine and the flax yarn stitching were performed manually. Stitching conducted at warp (x)
direction at Sk =4mm (stitch row spacing) and (stitch length) S;=3mm for cotton thread and Sg =8mm
and S.=8mm for flax yarn to achieve an equivalent stitch areal density. The stitch parameters were
shown in Fig. 1.
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Figure 1. definition of the stitch parameters

The composites of the prepared preforms and the epoxy resin were processed by Vacuum Assisted
Resin Infusion (VARI) technique. The detail information about the fabricated composite laminates in
this study are presented in Table 1.

Table 1. Summary of composite lay-ups, notation and stitch parameters of the manufactured flax fiber
laminates.

Flax Lamina Laminate Areal density of lamina L Stitch Vi (%)
preform nomenclature lg/m?¥ ayup material s
PWO [0]4 -
4x4Plain Weave PWC 500 [0]a Cotton 30
PWF [0]4 Flax
Unidirectional ubo 110 [0/90]as - 40

2.2. Specimen preparation and testing

The test specimens of 100x150 mm were cut from the original composite laminates using water-jet cut.
The thickness of the laminates was 440.25 mm and the coefficient of variation for each specimen
thickness measurement was less than 2%. Before testing, the specimens were placed in the oven for 24
hrs. at 60°C to dry the moisture induced during cutting process. The tests were conducted at temperature
of 23°C and a relative humidity of 65%. All the specimens were exposed to test condition at least 48
hours. prior to testing.

2.3. Drop-weight impact test

Drop-weight impact test was performed to study the behavior of the unstitched and stitched woven fabric
as well as cross-ply flax fiber laminated under low velocity impact in accordance with ASTM standard
D7136. For each type of sample and energy level, three specimens were tested. The weight of the
impactor was 9.99 kg with a striker diameter of 20 mm. The impact force-time history was obtained
from impactor force sensor and the contact velocity was measured using high speed camera. The incident
energy of 19.6J and 44.6J was chosen to induce non-perforation but visible damage and full perforation
impact, respectively.

3. Results and Discussion

M. Ravandi, W. S. Teo, L. Q. N. Tran, M. S. Yong, T. E. Tay



Excerpt from ISBN 978-3-00-053387-7

ECCM17 - 17t European Conference on Composite Materials
Munich, Germany, 26-30™ June 2016 4

3.1. Impact resistance

Impact resistance is defined as the ability of a material to resist permanent changes due to a loading
event beyond the design load. In this study the low velocity impact resistance of flax fiber composite
laminates is characterized using a drop weight impact test. The specimens after impact test were
inspected visually to identify the external and visible damages.

3.1.1. Non-perforation impact test (19.6J)

The impacted woven and cross-ply flax specimens are shown in Fig. 2. It was observed that for all
woven flax fiber laminates (PWO0, PWC, PWF), cross-shaped fiber breakage dominant crack formed at
both the impact and the back surfaces of the specimens. Comparison between the unstitched and stitched
specimens showed that the fracture mechanism were more or less identical. However, crack length along
both directions were slightly longer for the stitched specimens. The difference in the crack lengths are
about 10mm and 6mm in the longitudinal and transverse direction respectively. This can be attributed
to the defects such as in-plane fiber damage and resin-rich spots created by stitching. For the cross-ply
laminate of UD flax fiber (UDQ), combination of matrix failure (transvers crack) and fiber breakage
(longitudinal crack) formed cross-shaped damaged at the back surface of the specimens. At the impacted
face, besides the superficial crushing at the impact location, a dominant matrix crack along the fiber
direction as well as a visible peanut-shape delamination zone were observed.
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Figure 2. Damage on the impact face of the specimens under 19.6J impact energy (non-perforation).

3.1.2. Perforation impact test (45J)

Fig. 3 shows the impact faces of the specimens tested at 44.6J. It can be seen that the overall damage
shape and size of the woven laminates were very similar. The damage formed was a circular hole with
relatively big diameter created by the impactor. On the impact face of the cross-ply laminate, besides
fiber and matrix failure, visible delamination was also observed. This means that part of the impact
energy were dissipated by creating delamination.
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Figure 3. Damage on the impact face of the specimens under 44.6J impact energy (perforation).

3.2. Energy absorption

The energy absorbed by the specimen with time was measured by calculating the area under the force-
displacement curve. This value of absorbed energy refers to the total amount of energy dissipated by the
specimen through damage formation in the composite. Fig. 4 shows the absorbed energy per total impact
energy (Eapsorbed/Eimpact) in percentage for both non-perforation and peforation impacts. At the non-
perforation impact level (19.6J), it was observed that the absorbed energy per total impact energy ratio
of the two stitched woven composite specimens were about 12-18% higher than that of the unstitched
woven laminates. This corresponds to the longer crack lengths being observed in the stitched woven
laminates (Fig. 2). In the case of full perforation impact, the energy absorption behavior of the all types
of woven laminates are almost identical. This result is in consistent with the similar damage size of the
woven laminates when subjected to high impact energy (Fig. 3). Unlike conventional glass or carbon
fibre reinforced composites where low impact energy cracking tends to propagate through the matrix-
rich inter-ply planes between the fibre layers, the strengths of the impregnated flax fibre and matrix are
rather similar ([20,21]) which led to both fibre breakage and matrix cracking mechanisms to dominate
in the transverse impact of natural fibre composite laminates. In full perforation impact,
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Figure 4. (a) Perforation versus non-perforation impact; (b) Absorbed energy per total impact energy
of non-perforation and perforation impact.
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3.3. Force response

The typical force-time history of flax fiber laminates under drop-weight impact are shown in Fig. 5(a).
The impact force increases linearly until reaches a characteristic force P; at which a change in the
stiffness characteristics of the specimen occurs. P; is another indicator for the ability of a material to
resist damage initiation [22]. Beyond P, the behavior of the impact force can be attributed to the damage
development or delamination within the laminate.

Fig. 5(b) shows the damage initiation loads (P:) for the different composite laminates. It can be seen
that the value of P; of various specimens follows a similar pattern for both non-perforation and
perforation impact tests. Impact on the cross-ply UD laminates generate a higher P than (unstitched and
stitched) woven laminates, suggesting that for laminates of similar thicknesses, the cross-ply unstitched
UD fibre orientation offers the highest protection against impact damage initiation. This can be largely
attributed to the higher fiber volume fraction (V=0.4) of the UDO laminate that resulted from the more
compact packing of cross-ply UD fibres, which translates to higher tensile properties, stiffness and
strength over the lower Vi woven laminates.

For the three woven composites which are of similar V (=0.3), the stitched specimens regardless of the
type of stitching fibre used (cotton thread or flax yarn) always led slightly lower values of P.. It has been
well documented that stitching could disrupt the in-plane fibre alignment and increase the matrix-rich
regions between the woven fibre tows [23]. Although the effect is expected to be less detrimental in
natural fibre composites due to the lower fibre strengths, Fig. 5(b) shows that these stitch-induced
defects could still lead to damage initiation at lower loads under transverse impact loading. The drop in
P1 of 8% is however less significant than for high strength fibre reinforced polymer composites.
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Figure 5. (a) Typical impact force-time response of a flax fiber composite; (b) Damage initiation
force (P1) for the different laminates subjected to non-perforation and perforation impact.

3.4. Compression after impact (CAl)

The Compression After Impact (CAl) test as shown in Fig. 6(a) were carried out to investigate the
structural behavior of the flax fiber composite after being damaged by low velocity impact. The effective
compressive stiffness against the impact energies are plotted in Fig. 6(b). Undamaged specimens (i.e.
intact panels that were not subjected to impact tests), showed a range of effective stiffness from 4.5-6.5
GPa, with the highest values coming from the woven (PWO0) and flax stitched woven (PWF) panels. For
the non-perforated panels from the 19.6J impact tests, it is evident that the reduction in the effective
stiffness for stitched specimens is larger than unstitched laminates, particularly for the flax stitched
woven (PWF) panels. This is likely due to the more extensive damage sustained earlier from the impact
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tests. For the perforated panels from the 44.6J impact tests, all specimens exhibit lower, but similar
values of the effective stiffness of 3-4GPa. This can be due to two factors: firstly, the size of damage
zone for the all specimens is almost identical, and secondly, the boundary effects of the support fixture
are significant, because the area of impact-induced damage is large respect to the total area of the
specimen.
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Figure 6. (a) Compression after impact (CAl) test of flax fiber composite; (b) Effective stiffness of
composite panels against impact energy.

3. Conclusions

This study experimentally investigates the effects of natural fiber stitching on low-velocity impact
response and compression after impact (CAIl) stiffness of the continuous flax/epoxy composite
laminates. The flax and cotton stitched composites showed similar impact response despite differences
in fiber type and thickness. The initiation force (P1) for stitched woven flax laminates were lower than
the unstitched one, which was attributed to lower crack resistance of the resin-rich regions that reside
between the stitch loops. However, stitched laminates did led to >10% higher energy absorption during
non-perforation impact testing and longer cracks were observed. At higher impact energies in the full
perforation case, the efficiency of absorbed energy over impact energy all exceeded 90%, and very
similar degree of perimeter damage joining the transverse and longitudinal crack tips were observed.
The CAI test results were in good alignment with the impact damage incurred, where lower effective
stiffnesses were measured for samples with larger damage zone, and a convene of values were observed
for the 44.6J impact damaged specimens with similar energy absorption efficiencies.
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