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Abstract

This paper presents and analyzes the behavior of bumper beams made of PLA/flax composites
subjected to low velocity impacts. The relevance of this material resides in the biodegradability
of both fibers and matrix. Moreover, the after-impact behavior of this composite is excellent
due to the absence of delamination. Impact tests have been performed using a drop weight
tower within the range of impact energies 5 J < Eimp < 73 J. The experimental setup enabled
the measuring of impact velocity, residual velocity, load-time history and failure mode. Results
show that damage generated during impact produces a significant reduction of residual
stiffness but the residual strength is not affected by damage generated in the range of the
applied impact energies considered.
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1. INTRODUCTION

With the increase of motor vehicles worldwide, accidents have also been significantly increased,
being frontal impacts the most likely to happen in the event of a collision [1]. In frontal accidents,
the bumper is the first element of protection for passengers [2]. Thus, it is expected that it will
be deformed enough to absorb the impact energy while maintaining its residual strength and
stiffness to protect the critical components of the vehicle. Impact resistance is one of the most
careful topics in the automotive industry [3,4]. In addition to the need to increase the bumpers



energy absorption capacity, it is also important for the saving of environmental footprint and
the reduction of the vehicle weight [5].

Currently, most of the studies that can be found in the literature on bumpers are focused on
optimizing the designs and manufacturing processes or on the use of new composites. In relation
to the optimization of traditional bumpers, the main goal is the optimization of the section and
thickness of the component [6,7]. Tanlak et al. [8] optimized the shape of a bumper beam to
maximize its crashworthiness under impact conditions very similar to EuroNCAP tests. The
results showed that the optimal beam shape presents a significant improvement over the one
currently in-use; the specific absorbed energy is improved by 16% and the resistance to crash at
low speeds is also significantly improved. Rao et al. [9] analyzed the crashworthiness of bumpers
made with different materials and thicknesses. The results showed that the materials having
high yield strength are best suited for the manufacturing of bumper beams; likewise, increasing
the bumper beam thickness increases the rigidity and the impact resistance generated in the
collision. Lee et al. [10] investigated cracks, defective forming, an improvement of the roll
forming process for Aluminum 7075-T6 automotive bumper beam using GISSMO Damage. The
results showed that the damage simulation due to GISSMO model was properly implemented
including the influence of triaxiality and equivalent plastic strain of each bending part.

To improve fuel efficiency, many researchers try to replace metallic materials of the vehicle
components with fiber reinforced plastic composites (FRP). The use of composites in the
automotive industry is increasing exponentially thanks to their high specific strength, high
specific stiffness and high energy absorption capability [11,12]. Within composites stand out for
their growing use in the automotive structural parts the glass fiber reinforced plastics (GFRPs)
and the carbon fiber reinforced plastics (CFRPs) [13]. Kim et al. [14] devised several designs of
glass/carbon mat thermoplastic (GCMT) and their mechanical properties were calculated. The
results showed that the optimally designed GCMT bumper beam had 33% less weight compared
to the conventional glass mat thermoplastic (GMT bumper beam); moreover, the impact
performance was improved. Davoodi et al. [15] studied a composite bumper beam as a
reversible energy absorber with minimum parts under quasi-static compression. The results
showed that the absorbed energy of composite bumper beam is enough for pedestrian impact
and could be a real alternative to other materials such as expanded polypropylene (EPP).

In the last few years, 100% biodegradable composites, manufactured from natural fibers and
matrices arise due to the growing environment concern and the need of materials with a low
environmental footprint. In the automotive industry, biodegradable composites are used in
several applications to limit the use of synthetic materials [16—18]. For instance, due to their
lightness and low cost agave fibers are currently used in the automotive sector [19]. In addition,
in some cases the manufacturing of biocomposites includes the use of materials from waste of
different processes, like the lignin discarded in the manufacture of paper [20], and some others
from farms [21].

However, although natural matrices can be used to obtain 100% biodegradable materials,
natural fibers are typically used in conjunction with synthetic matrices (such as epoxy,
polyethylene and polypropylene) to create hybrid composites [22,23]. Yan et al. [24] investigates
the crashworthiness characteristics of natural flax fabric reinforced epoxy composite tubes as



an energy absorber. The results showed that the flax/epoxy tube is superior to conventional
metal energy absorbers and close to that of glass/carbon fiber reinforced polymer composites.
Aljibori et al. [25] studied experimentally the effect of geometry on crushing behaviour, energy
absorption and failure mode of woven roving jute fiber/epoxy laminated composite tubes. The
results showed that crashworthiness performance of jute composite depends on the geometry
of the specimen. The circular jute composite tubes presented the highest energy absorption
capacity.

Davoodi et al [26] focused on the mechanical properties of a hybrid kenaf/glass epoxy composite
for utilization in a passenger car bumper beam. The results showed some advantages in
comparison with the common bumper beam material glass mat thermoplastic (GMT). However,
the impact performance is lower than the desirable level, which implies that the design of hybrid
kenaf/glass bumper beams must be improved to be used in automotive industry. Faraj et al [27]
determined the effect of supporting plates inside kenaf reinforced hexagonal tubes with variable
side hexagonal angles in terms of the improvement of crashworthiness. The results showed that
the use of supporting plates can improve the energy absorption capability up to 69% for all types
of tested tubes. Ismail et al. [28] analyzed the crushing response of composite tubes fabricated
with woven kenaf mats in different orientations and 2 or 3 layers. The analysis of the force-
displacement curves showed that the best configurations were [0°/0°] and [0°/0°/0°].

Although there are researches studying bumpers reinforced with natural fibers, and 100%
biodegradable materials have been implemented in the automotive industry in several
components [12,29,30], there are no studies analyzing bumper beams made of 100% natural
composites (fiber and matrix). Previous works have shown the advantages of 100%
biodegradable composites, manufactured from PLA and flax fibers, in terms of energy
absorption capability and residual properties of flat square plates in comparison with CFRP
plates [31-33].

Moreover, there is lack of knowledge concerning the residual strength of composite bumpers.
The main goal of a bumper beam is the energy absorption capability in case of impact but the
residual properties of the bumper are also important to be used in automotive industry. The
after impact residual properties of composites laminates have received considerable attention
in scientific literature, see for example the works of Ismail et al. [34] and Tuo et al. [35] for
compression after impact (CAl) behavior and Santiuste et al. [36] for bending after impact
properties (BAI). However, the after impact behavior of composite bumper beams is an almost
unexplored field.

This work presents the first study of a bumper beam manufacture from 100% biodegradable
composites. Bumper beam specimens made of flax/PLA composite were subjected to impact
tests to analyze their energy absorption capability and damage mechanisms. The residual
properties of impacted specimens were evaluated in three-point bending tests to estimate their
residual bending strength and stiffness.



2. EXPERIMENTAL SETUP

2.1. Manufacturing

Flax/PLA bumper beams were manufactured using compression molding method, Fig. 1. Basket
weave flax were used as reinforcement because it is one of the oldest crops in the world [37]
and is widely used in the composite industry. Basket weave flax with 463.3 g/m? areal density,
0.94 mm of thickness and no chemical pre-treatment were cut into 300 mm x 300 mm plies.

PLA thermoplastic resin (10361D) provided by Nature Works LLC in pellets shape was used as
matrix. The 10361D PLA is specifically aimed as a binder for the manufacture of biocomposites,
its density is 1.24 g/cm? and melting temperature is around 145-170°C.

In the compression molding method pressure and temperature are applied by means of two
thermo-heated plates in a universal testing machine. First, PLA films are obtained applying 4
MPa during 3 minutes at 185°C (pellets were previously kept in an oven at 95°C for 30 minutes
to remove humidity). Then, a preheating 2 minutes without pressure at 185°C is applied to PLA
films alternately stacked with woven flax plies. After preheating, a pressure of 16 MPa is applied
for 3 minutes. At the end, the biocomposites panels were cooled between aluminum blocks in
U shape (300x150x105 mm?) that give the final bumper shape, Fig. 2a. All the parameters of the
manufacturing process were optimized to improve the biocomposite mechanical propertiesin a
previous work [38].
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Figure 1. Bumper biocomposite manufacture route through compression molding method

2.2, Impact Tests



Low-velocity impact tests have been carried out in an INSTRON-CEAST Fractovist 6785 drop-
weight tower. The specimens were hit orthogonally with an impactor bar which is free fall
accelerated through a guide. The impactor nose had a Charpy shape with a diameter of 20 mm
and a width of 65 mm. The impactor bar was instrumented to record the contact force during
the impact. After the impact, an anti-rebound system held the impactor to avoid multi hits on
the specimen. Impactor mass was fixed at 5.93 Kg while impact height ranged from 85.95 mm
to 1275 mm. The minimum impact energy, 5 J, was selected because it produced a barely visible
damage. While maximum impact energy, 73 J, produced serious damage including matrix
cracking and fiber breakage. Eight impact energies were selected to analyze the influence of
generated damage on the residual strength and stiffness of the specimens. For each impact
energy three specimens were impacted allowing a check on repeatability. The specimens were
placed on a steel plate and clamped at four point as can be seen in Fig. 2b. The experimental
setup enabled the measuring of impact velocity, residual velocity and load-time history.

Figure 2. a) Scheme of the biocomposite bumpers; b) impact test configuration; c) Three-point bending test
configuration. (dimensions in mm)

2.3. Bending After Impact (BAI)

Bending after impact tests were conducted to evaluate the residual properties of the impacted
specimens in an Instron 8500 universal testing machine. Three-point bending configuration was
selected according to the scheme shown in Fig. 2c. The specimen in BAI device is supported by
two cylinders with a diameter of 20 mm to avoid stress concentration and a spam of 160 mm.
The load was exerted with other cylinder with the same diameter in the middle cross section,
thus maximum bending moment is applied at the impacted area. The velocity was fixed during
the tests at 0.5 mm/min to avoid inertia force and consider quasi-static conditions. Load and
displacement were recorded during tests.



3. IMPACT TESTS RESULTS

Fig. 3 shows the force displacement curves for different impact energies. These curves can be
classified into two different groups. In the first group, for impact energies from 5 J to 30 J, force
increases with displacement until the value of peak force is reached, then force and
displacement decrease to zero. In the second group, from 40 J to 73 J, displacement continues
increasing after the peak force is reached. The first group showed up an abrupt decrease in force
once the peak force is reached. On the contrary, in the second group, it can be observed that
force decreases to a plateau in which the force it is almost constant or in slight descent, until a
drastically decrease at maximum displacement.
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Figure 3. Peak load vs Displacement in Impact test of biocomposite bumpers.

Nevertheless, a general trend is observed for all impact energies, according to which, by
increasing the impact energy, both peak force and maximum displacement increase. This trend
agrees with those obtained by other authors for different composites [14,15,39]. Fig. 4 shows
the maximum value of the contact force as a function of impact energy. For impact energies
from 5 J to 30 J, peak force increases from 1927 N to 3753 N showing a practically linear trend.
However, for impact energies from 30 J to 73 J, the value of peak force is almost constant around
3500 N. This indicates that fiber failure onset appears with a contact force of about 3500 N. This
trend is consistent with that obtained by other authors for other composites [40,41]. The peak
load is an important parameter that must be controlled, due to its influence in the risk for the
vehicle occupants during the development of a vehicle frontal crash, being the lower peak load
yields to lower decelerations and vice versa [4]. Present results indicate that peak load can be
easily limited with natural fibers reinforced bumpers.
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Figure 4. Peak Load vs Impact Energy for biocomposite bumpers.

During the impact tests similar damage mechanisms have been observed, mainly fiber breakage
and matrix cracking in the impact area, not being detected delamination. Fig. 5 shows some
impacted specimens for impact energies from 5 to 73 J. For lowest impact energy, 5J, only matrix
cracking was found on the contact surface between impactor nose and bumper, Fig. 5a. For an
impact energy of 25 J, matrix cracking was observed also in the borders between webs and top
flange, Fig. 5b. Fiber breakage was detected in the borders between webs and top flange, if
impact energy is 30 J or higher. In spite of the almost uniform value of the peak force from 30
to 73 J, the induced damage increases severely as can be observed comparing Figs. 5c-d.



Fiber breakage

Figure 5. Biocomposite Bumpers after impact tests, top view of: a) Eimp=5 J; b) Eimp= 25 J; ¢) Eimp= 30J; d) Eimp= 73 J.

Fig. 6 shows representative curves of absorbed energy versus time. The curves follow the well-
known trend in low-velocity impacts [34,42]. During the first stage, absorbed energy increases
up to the value of impact energy. At this point, all the kinetic energy is absorbed by the bumper
and the impactor velocity is zero. Then, the absorbed energy decreases while impactor is
bouncing back and, finally, the value of absorbed energy is constant after the separation of
bumper and impactor. The difference between the absorbed energy and the impact energy is
the stored elastic energy that is converted again in the kinetic energy transferred to the
impactor.

Two variables are influenced by the impact energy. The first one is that, obviously, absorbed
energy increases with impact energy. The second effect is that the conversion of stored elastic
energy into kinetic energy decreases with impact energy. This phenomenon can be clearly
observed in Fig. 7, where the percentage of absorbed energy is plotted as a function of impact
energy. The percentage of absorbed energy increases with impact energy from 79.29% for the
lowest impact energy, 5 J, to 99.34% for the highest impact energy, 73 J. A low percentage of
impact energy means that the impactor bounces back after the impact with the residual kinetic
energy. While a percentage near 100% implies that the impactor is embedded on the bumper
after the impact.
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Figure 6. Absorbed energy vs time for flax bumpers impacted at different impact energies.
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Figure 7. Percentage of Absorbed energy vs Impact energy for flax biocomposite bumpers.

4. BENDING AFTER IMPACT TESTS

Residual bending strength and stiffness of the impacted specimens have been quantified by
means of three-point bending tests under static conditions. Non-impacted specimens have also
been tested to be used as a reference.

Fig. 8 shows the force-displacement curves obtained in the bending after impact experimental
tests for the biocomposite bumpers impacted at different energy levels. A comparison of these



force-displacement curves does not provide a clear tendency, thus peak force is plotted as a
function of impact energy in Fig. 9 to analyze the influence of damage on the residual strength.
The maximum values of peak load correspond to intermediate values of impact energy, 1668 N
for 25 J and 1666 N for 30 J. On the other hand, the minimum value of peak force also
corresponds to an intermediate impact energy, 1177 N for 40 J. These results indicate that
residual strength is independent of damage generated during impact, probably because fiber
failures produced in impact tests were oriented in perpendicular direction to the cross section,
thus the fibers oriented in longitudinal direction are barely damage by the impacts. This trend is
different to those reported by other authors in compressive after impact tests on composites
laminates reinforced with glass/Flax fibres [34] or carbon fibers [35]. The reason of this
discrepancy is attributed to the great influence of generated damage on bucking behavior, but
the influence of this damage on the bending behavior is not so clear.
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Figure 8. Force-Displacement graph for the bending after impact tests on biocomposite bumpers.
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Figure 9. Peak load vs Impact Energy for bending after impact tests on biocomposites bumpers.

To analyses the influence of damage on the residual stiffness of the biocomposite bumpers, Fig.
10 shows the slope of the force-displacement curves as a function of impact energy. The
minimum value of the slope, 85.93 N/mm, was obtained with the impact energy of 73 J, while
the maximum value of the slope, 169,96 N/mm, was obtained in the unimpacted specimen. The
slope of the force-displacement curve is almost constant, around 160 N/mm for impact energy
lower than 30 J. However, for impact energies higher or equal to 30 J the slope of force-
displacement curves decreases with impact energy. Thus, the stiffness of the bumper is not
significantly affected by the impact when the main failure mechanism is matrix cracking as was
observed for impact energies lower than 30 J. However, when fiber failure is produced during
impact, as was observed for impact energies higher than 30 J, the bumper stiffness is drastically
reduced.
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Figure 10. Peak Load Slope vs Impact Energy for bending after impact tests on biocomposite bumpers.



5. CONCLUSIONS

This paper analyses the impact and post-impact behavior of fully biodegradable composites
bumper beams subjected to low-velocity impact. A drop weight tower has been used to perform
impact tests at different impact energies in the range 5 J < Eimp < 73 J, from barely visible
damage to serious damage including matrix cracking and fiber breakage. Residual bending
strength and stiffness were estimated through three-point bending tests to evaluate the effect
of damage on post-impact behavior of bumper beams. The following main conclusions are
drawn:

- If impact energy is between 5 J and 30 J, peak force increases with impact energy. But
for impact energies from 30 J to 73 J, the value of peak force is almost constant around
3500 N. These two trends are related to different failure mechanisms observed in
impacted specimens. For impact energies lower than 30 m, the main failure mechanism
is matrix cracking, while fiber breakage appears for impact energies of 30 J or higher.

- The results of after impact bending tests show that, in the range of the applied impact
energies considered, the induced damage during impact does not influence on residual
strength. This unexpected result can be explained by the orientation of damage fibers,
bending strength is dominated by fibers oriented in the longitudinal direction of the
beam while broken fibers are oriented in perpendicular direction.

- The results of residual stiffness can be divided into two groups. For impact energies
lower than 30 J, the residual stiffness is not affected by damage generated during impact
because the main failure mechanism is matrix cracking. However, for impact energies
higher or equal to 30 J, the residual stiffness decreases with impact energy.
Delamination was not observed in any specimen.

In forthcoming studies, it would be necessary to make progress in the analysis of the failure
mechanisms to explain why fiber failure generated when impact energy is higher than 30 J
reduces residual stiffness but residual strength is unaffected. Moreover, a study considering
different impactor nose shape is necessary to modify the distribution of generated damage.
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