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a b s t r a c t

Synthetic fibre reinforcements are increasingly replaced with plant fibres but an improvement in the
mechanical performance of biocomposites is required. Flax composite exhibits fibre failure and perfo-
ration even at low impact energies. This paper investigates the viability of improving the impact resis-
tance of flax-epoxy biocomposite by hybridisation with a thin metal layer. High-speed cameras and
optical microscopy were used to measure the dissipated energy and to identify the different damage
modes. The impact response of hybrid biocomposites was compared to a reference GFRP composite and
monolithic biocomposites and it was shown that the deformation and damage is significantly reduced in
the hybrid configuration. Additionally, a numerical model was developed in Abaqus/Explicit and vali-
dated in terms of the displacement history and damage modes. The study reveals the effect of various
material configurations and thicknesses on impact damage resistance and proves that the penetration
resistance of biocomposites is improved by hybrid construction.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Biocomposites reinforced with lignocellulosic natural fibres are
an emerging class of lightweight materials with high specific
properties and positive environmental profile, and are considered
as potential replacement to the synthetic composites currently
used in structural applications [1]. In particular, specific mechanical
properties of flax fibre composites are comparable to those of GFRP
[2,3]. Bourmaud et al. [4] concluded from a detailed study on the
design considerations of high performance plant fibre composites
that flax fibre performs exceptionally well in the strength selection
criteria due to the large length of the elementary fibres and high
fibre division of the unidirectional flax that promotes good stress-
transfer between fibre and matrix. However, Pil et al. [3] indi-
cated that the adoption of natural fibres in structural applications
was hindered by the inadequate data on the impact damage
resistance of these composites. It has been reported that impact
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damage is one of the most critical types of failure in composite
structures. Impact loading can occur during the service life by
dropped tools, falling cargo, maintenance damage (low velocity) or
high velocity events such as bird strike and ballistic impact. Com-
posite laminates are more susceptible to impact damage as they are
brittle and absorb impact energy primarily through damage
mechanisms such as matrix cracking, delamination, fibre breakage
and failure. The internal damage in the composite can rapidly
diminish the structural integrity and cause catastrophic failure.
Several researchers [5e12] have evaluated the impact behaviour of
plant fibre reinforced composites with thermoset and thermo-
plastic matrices using a drop tower or pendulum impactors. For
instance, Liang et al. [8] studied the low velocity impact behaviour
of quasi-isotropic laminates of flax/epoxy and used force e

deflection curves, rear face crack length, energy absorbed, and
microstructural observations to study the evolution of damage
from delaminations to large macro cracks. Bensadoun et al. [9]
investigated the effect of matrix material and fibre architecture on
the impact behaviour of flax fibre composites and found that the
matrix ductility was a critical factor in both the damage resistance
and damage tolerance. Although the low velocity impact behaviour
of flax composites has been studied by many researchers, there is
limited comparison of the impact response of natural fibre
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:karthik.ramakrishnan@bristol.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijlmm.2021.10.001&domain=pdf
www.sciencedirect.com/science/journal/25888404
http://www.keaipublishing.com/en/journals/international-journal-of-lightweight-materials-and-manufacture
http://www.keaipublishing.com/en/journals/international-journal-of-lightweight-materials-and-manufacture
https://doi.org/10.1016/j.ijlmm.2021.10.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ijlmm.2021.10.001
https://doi.org/10.1016/j.ijlmm.2021.10.001


K.R. Ramakrishnan, M. Kanerva, E. Sarlin et al. International Journal of Lightweight Materials and Manufacture 5 (2022) 29e43
composites to that of glass fibre composites. Barouni and Dhakal
[10] compared the impact response of flax and glass fibre (GFRP)
composites at two different impact energies (25 J and 50 J) and
observed that while the flax specimens absorbedmore energy, they
exhibited much greater damage compared to the glass fibre com-
posite. Patel et al. [13] compared natural fibre composites and GFRP
and found the impact performance of biocomposites were inferior
even after surface treatments and additional fillers.

Hybridisation has drawn the attention of many researchers as a
way to enhance the mechanical properties of polymer composites
with natural fibre reinforcements. Lightweight hybridmaterials can
be produced by combining distinct materials to achieve a syner-
gistic effect through proper material design. The performance of
the hybrid composite is a weighted sum of the individual compo-
nents, where the advantages of one material could complement
what is lacking in the other. The hybrid construction enables to
achieve desirable outcomes such as functional properties (vibra-
tion/acoustic damping, anti-corrosion, and impact resistance),
reduced energy consumption, and improvements in structural
performance and cost efficiency not achievable by individual con-
stituent materials. For instance, Selver et al. [14] investigated the
impact and post-impact behaviour of composites reinforced with
glass, flax, jute fabrics and their hybrid combinations (glass/jute
and glass/flax) and showed that the hybrid composites have better
damage tolerance than the natural fibre and glass composites. Fibre
Metal Laminates (FML) are a type of hybrid materials that merge
the advantages of plastic behaviour and durability offered by
metallic materials to the superior fatigue properties of FRP com-
posites. One of the successful examples of FML that has been
commonly embraced in the aircraft industry is GLARE, which is a
hybrid of glass fibre-reinforced epoxy and aluminium. Reyes and
Cantwell [15] demonstrated that FMLs absorbed substantial energy
by means of plastic deformation of the metal layer. The failure
process of FMLs is a mixture of debonding in the metal-composite
interlayer, and matrix cracking, delamination and fibre fracture
failuremodes in composite [16]. Sarlin et al. [17,18] developed steel/
composite hybrid structures with rubber as an adhesive layer and
found that the damage area in impact tests was significantly
reduced. The use of thin steel layers and elastomers to improve the
delamination resistance and residual strength of glass and carbon
FRPs have been explored [19]. The crashworthiness of composite-
intensive FRP-metal hybrid materials have been investigated by a
combination of experimental and numerical techniques and it was
reported that the hybrid material provided stable and robust en-
ergy absorption, outperforming conventional materials [20]. It has
also been shown that using a validated Finite Element (FE) model
will allow to study the effect of parameters such as impact velocity,
layer thicknesses as well as incident angle on the impact behaviour
of these hybrid composites [21]. Although there is considerable
literature showing the success of FRP-metal hybrids with GFRP and
CFRP, hybrid materials with natural fibre composite layers has
received significantly far less attention [22]. A study of FMLs with
different natural fibres and aluminium showed improvement in
mechanical properties for the hybrid materials [23]. The indenta-
tion behaviour of Kenaf-Aluminium FMLs showed a several-fold
increase in the energy absorbed in comparison to composites
without metal layers [24]. Wambua et al. [25] confirmed that the
ballistic limit of steel-flax hybrid material was significantly higher
compared to flax composite and also reported that the energy
dissipation of the hybrid material was even superior to mild steel.
Conversely, the performance of the flax-FML composite was found
to be inferior to that of the glass-FML hybrid composite [26]. San-
tulli et al. [27] concluded that obtaining damage tolerance of nat-
ural fibre metal laminates that is comparable to GLARE was still a
scientifically challenging task.
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It is clear from the presented literature that the impact damage
resistance of natural fibre reinforced composites is lower than that
of traditional GFRP composites and that the hybridisation provides
a potential path to enhance the mechanical properties of bio-
composites. This paper deals with the development of a novel
hybrid laminate, in which a thin steel layer is adhesively bonded to
a flax fibre-epoxy composite and the assessment of the impact
damage resistance using a combination of experiments and simu-
lations. The viability of adhesively bonded joint between the steel
layer and the natural fibre composite was verified in our earlier
publication using single lap joint testing [28]. The experimental
study of the impact damage resistance of this hybrid laminate was
performed using a High Velocity Particle Impactor (HVPI), while a
finite element model is implemented in Abaqus Explicit software to
simulate the dynamic behaviour of the hybrid laminate.

2. Materials and methods

2.1. Materials

The natural fibre reinforcement used for the biocomposite was
Biotex Flax developed by Composites Evolution. The [0/90] woven
fabric with areal density of 400 g/m2 was made of twistless flax
fibres in a balanced 2x2-twill architecture. A reference glass fibre
material of [0/90] plainwoven ECR-glass fabric with areal density of
400 g/m2 supplied by Ahlstrom-Munksj€o was also chosen for the
study. Araldite LY5052 epoxy resin and Araldur 5052 polyamine
hardener mixed in the ratio of 100:38 by weight according to
supplier recommendations was used as the matrix. The metal layer
chosen for the hybrid laminate was a thin sheet of ferritic stainless
steel (Type 1.4509) supplied by Outokumpu Stainless Oyj. The
thickness of the steel layer was 0.48 ± 0.01 mm.

2.2. Manufacturing of hybrid laminate

The fabrication of the hybrid composite followed a two-step
procedure. Initially the composites were manufactured using a
hand-layup procedure and cured in a hotpress compression
moulding system. A wet layup and compression moulding process
was used for the manufacturing of GFRP composite with eight plies
and flax composite with four plies. More details on the
manufacturing procedure is presented in Refs. [28,29].The fibre
volume fraction (Vf) was estimated based on the mass of the dry
fabric and the mass of the cured composite. The Vf for the glass-
epoxy and flax-epoxy composites were 65.9% and 40.5%, respec-
tively. The average thickness of the cured composites were
2.64 ± 0.03 mm and 3.78 ± 0.1 mm for the composites with glass
and flax fibre reinforcements, respectively. The flax composite and
GFRP were considered comparable even though fibre volume
fraction and thickness were different, as they had equivalent mass
of approximately 25 g for square plates of dimension 80 � 80 mm
cut from the manufactured composites.

In the second step of the manufacturing the hybrid laminates,
the manufactured composites were adhesively bonded to the thin
ferritic stainless steel sheet supplied by Outokumpu Stainless Oyj.
The adhesion between stainless steel and composite layer is critical
and improved solutions for the bonding of biocomposite hybrids
are needed [30]. 3 M™ Scotch-Weld™ DP460, a commercial epoxy
adhesive which has good peel, shear, and impact properties was
used for bonding the steel and composite layers.

2.3. Experimental setup for impact testing

The experimental impact tests were conducted using a High
Velocity Particle Impactor (HVPI), an in-house developed device,



Table 1
Schematic of different target plates for impact testing.

Monolithic Hybrid

Steel (SS) Steel-Flax(SF)

Glass-epoxy composite (GC) Flax-Steel (FS)

Flax-epoxy composite (FC)
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shown in Fig. 1. The HVPI uses compressed air to accelerate a 2.98 g
steel ball (9mmdiameter) along a smooth barrel towards the target
plate. The target was clamped in a fixture housed in a transparent
polycarbonate case to act as a protective barrier for the projectile
and debris. The velocity of the projectile exiting the barrel was
measured using a commercial ballistic chronograph and can be
varied by changing the pressure. In our study, pressures of 0.2 MPa
and 0.6 MPa were used corresponding to initial velocities of 45 m/s
and 73 m/s respectively. The initial energies of the impacting pro-
jectiles were approximately 3 J and 8 J. A high speed camera
(Memrecam) was also placed perpendicular to the path of the
projectile to record images at a frame rate of 10,000 fps and reso-
lution of 448 � 368 pixels. It is possible to measure the initial
impact velocity and rebound velocity from the high speed images.

Additionally, two Photron SA-X2 high-speed cameras were
positioned behind the target to monitor the rear surface of the
target during the impact, and the recorded images were used for
stereo digital image correlation (DIC). The images were acquired at
a frame rate of 120 k fps and a resolution of 256 � 256 pixels. The
start of the image acquisition was triggered by a signal from the
pressure control valve. LaVision DaVis was the software used for
recording and image processing of high speed camera images.
Stereo-DIC analysis was conducted on the images of the rear sur-
face of the target obtained from the Photron cameras. DIC is based
on the principle of tracking the movement of small subsets in
consecutive digital images of the specimen surface, which has a
random pattern of high contrast speckles. A comparison of subsets
from the reference or undeformed sample image and subsequent
deformed images using the correlation algorithm provides full-field
displacements and strains. The stereo-setup of two high-speed
cameras from two slightly distinct viewpoints enables to capture
the out-of-plane displacement. The stereo-DIC algorithm relates
the in-plane and out-of-plane displacement fields denoted as u(x,
y), v(x, y) and w(x, y) respectively, by minimizing a similarity cri-
terion between the reference and deformed subsets. The full-field
displacement measurements are then used to compute the in-
plane Lagrangian strains. 3D calibration plates supplied by LaV-
ision were used to conduct image calibration prior to testing, and a
pinhole camera model was used to fit the calibration parameters.
The choice of the correlation parameters is critical to obtain
consistent mechanical response especially near the centre of
impact. The rear surface of the target plate was daubed with a
random pattern of white or black dots to aid the image correlation.
A subset size of 15 pixels and step parameters (Ns ¼ 4 pixels in x
and y directions) were defined as a balance between spatial reso-
lution and precision.
Fig. 1. Experimental setup for impact testing; (i
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A series of 42 medium velocity impact experiments were con-
ducted on different targets. These include monolithic steel and
composite plates as well as the hybrid laminates. Three tests were
conducted for each configuration at two different velocities. The
experimental matrix with a list of the targets is shown in Table 1.
The Steel-Flax (SF) and Flax-Steel (FS) are the same hybrid con-
struction and the difference is the impacted side, i.e. the SF plate is
impacted on the steel side and the FS plate is impacted on the flax
composite side.

The impacted samples were inspected visually to observe the
damage in the samples and additionally an Alicona InfiniteFocus G5
3D profilometer was used to measure the surface profile of the
samples.

2.4. Development of finite element model of impact of hybrid
laminates

The numerical modelling of FRP composites can be conducted in
different scales: micro, meso and macro scale. A macroscopic
approach where the composite was modelled with layered shell
elements was adopted in this study. The impact response of the
monolithic and hybrid composite plates was examined using Finite
element simulations in Abaqus Explicit software. The geometry of
the target plate and projectile is shown in Fig. 2. The 9mmdiameter
projectile is modelled with 1813 R3D4 (4-node bilinear rigid
quadrilateral) elements. The projectile was modelled as a mass and
an inertia at its centre of mass (m ¼ 2.98 g). The target was
nset) fixture for clamping the target plate.



Fig. 2. Geometry and mesh of the finite element model of impact of hybrid laminate.

Table 2
Material parameters used for GFRP and flax-epoxy composites.

Property GFRP composite Flax-epoxy

E1 (GPa) 44.7 22.3
E2 (GPa) 12.7 4.2
G12(GPa) 5.8 1.97
G23(GPa) 4.5 1.38
s1t (MPa) 1020 287.7
s1c (MPa) 620 127.1
s2t (MPa) 80.9 34
s2c (MPa) 140 80
ss (MPa) 48.6 37.4
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modelled as circular plates of 40 mm diameter and the support
fixture used in the experiment to clamp the target plate was ide-
alised with a clamped boundary condition of the circular edge to
reduce the number of elements. Reduced order shell elements
(S4R) were used tomodel both the steel and the composite layers. A
mesh sensitivity analysis was performed by increasing the number
of elements in the plate from 500 to 10,000 and an optimal mesh
size was chosen to provide the best compromise between accuracy
of the local material fracture representation and computation time.
A finemeshwith average element size of 0.3mmwas defined in the
region of the impact, and the resulting model (31,645 quad ele-
ments) was used in all subsequent analyses. An initial velocity was
defined to the nodes in the spherical projectile. A penalty contact
was defined between the target and the projectile. A surface based
Cohesive contact model with traction separation law was used to
simulate the bonded interface between the steel layer and the
composite layer. The cohesive contact uses damage constitutive law
for the initiation and evolution of debonding similar to the cohesive
element approach. There is literature [31] showing that the surface-
based cohesive contact model can predict peak force and dis-
placements reasonably accurately and is easier to be implement.
Therefore this approach was adopted for this model.

The progressive damage of the composite material was simu-
lated using in-built constitutive material models in Abaqus. The
elastic properties of the composite were defined with orthotropic
material parameters, and the onset of damage was defined using a
Hashin 2D damage criteria. The Hashin criterion considers different
damage initiation mechanisms, namely, fibre tension, fibre
compression, matrix tension, matrix compression and shear.

Hashin's damage initiation criteria:

Ffibre tension ¼
�
s11
XT

�2
þ a

�
s12
SL

�2
¼ 1 (1)

Ffibre compression ¼
�
s11
XC

�2
¼ 1 (2)

Fmatrix tension ¼
�
s22
YT

�2
þ
�
s12
SL

�2
¼ 1 (3)
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Fmatrix compression ¼
s22
Y
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2
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2S

2
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S

2
¼1
�
C

�"�
T

� # �
T

� �
L

�

(4)

where, XT, YT, XC, YC, SL, and ST are the strengths in tension,
compression and shear in the longitudinal and transverse di-
rections. The damage is initiated when one of the criteria reaches a
value of 1 and the softening effect of damage is taken into account
by reducing the values of stiffness coefficients using a continuum
damage mechanics approach developed by Matzenmiller and
widely adopted for composites modelling. A linear softening based
on energies dissipated during damage for fibre tension/compres-
sion, matrix tension/compression failure modes is used to model
the damage evolution. A more detailed description of the Hashin
failure criterion in modelling of composites can be found in
Ref. [32]. The material parameters for the GFRP and flax-epoxy
composite at the ply level were obtained from the literature
[33,34] and are shown in Table 2.

In the case of the ferritic stainless steel layer, a rate-sensitive
Johnson Cook (JC) constitutive material model was used to define
the material behaviour. The JC material model is a phenomeno-
logical model that relates the stress in the material to yield stress at
a reference temperature (A), strain hardening parameter (B),
equivalent plastic strain (εp), strain rate constant (C), strain hard-
ening exponent (n), and thermal softening constant (m).

s0 ¼
�
AþB

�
εp
�n� �

1þC ln
�

_εp
_ε0

�� �
1�ðTÞm� (5)

The JC material model is widely used to model the elastoplastic
behaviour of metals especially at high deformation rates. The pa-
rameters used to simulate the stainless steel layer were obtained
from Korkmaz [35] and are given in Table 3.
3. Results and discussion

3.1. Results of experimental impact test

Fig. 3 shows typical series of images from the Memrecam
showing the impact and rebound of the projectile. The time interval
between each image is 0.5 ms (or every 5th frame from the camera
capturing at 10,000 fps). The projectile comes into the field of view
in frame (a) and is accelerating towards the target. It is possible to
track the projectile using imaging software and to follow the po-
sition of the projectile in frames (b), (c) and (d) to calculate the
initial velocity and therefore the kinetic energy of the projectile just
before contact with the target plate. The images (e), (f) and (g) show
the rebound of the projectile after the deformation of the plate. The
rebound velocity calculated from the position of the projectile was
used to estimate the energy dissipated during the impact.



Table 3
Material parameters used for stainless steel
[35].

Property Steel

E (GPa) 200
A (MPa) 359
B (MPa) 327
n 0.454
C 0.0786
m 0.919
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Fig. 4 shows typical images of the rear surface of a flax com-
posite target obtained from the high speed cameras. The beginning
of the impact where a clear displacement is seen on the rear surface
(0.016 ms after contact) was chosen as the first image and the time
interval for the subsequent images shownwas 0.083 ms (10 frames
interval). The progression of the z-displacement through the
loading and unloading of the composite is not evident from the raw
images. However, the displacement contours obtained from the DIC
software for the corresponding images clearly shows the defor-
mation. In image (a) there is initiation of contact between the
projectile and the target. The central displacement increases to
3 mm and then 4 mm in the images (b) and (c). The peak
displacement of approximately 4.2 mm is reached in image (d)
followed by unloading of the composite. The residual displacement
in the central localised region of the target after full unloading is
visible in image (e). The advantage of using the stereo-DIC system is
clear as it enables recording the full-field displacement history of
the target.
3.1.1. Impact of monolithic plates
Fig. 5 shows the time history of central displacement of the

monolithic steel, GFRP and flax composite targets for a 3 J impact.
The out-of-plane displacement in the steel target increases almost
linearly till a peak value is reached and followed by an unloading
phase. It can be seen that there is some plastic deformation in the
target visible as residual displacement. The total duration of the
impact is approximately 0.4 ms. The Figure also shows the
repeatability of the behaviour for the lower energy impact. The
impact response of the GFRP is symmetric, suggesting an elastic
impact. Even though the maximum displacement is similar to that
of the steel target, the duration of the impact is shorter and the
displacement returns to zero at the end of unloading. The
displacement history of the flax composite shows similar linear
increase up to 0.1ms but there is some failure initiation at this point
which results in oscillations in the curve. The maximum displace-
ments reached for the flax composites are much higher than the
Fig. 3. Typical high speed images from the Memrecam
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peak displacements for the steel target. There is some variation in
the post-peak behaviour in the flax composites.

The use of the high speed cameras allow full-field displacement
measurement and it is possible to analyse not only the central
displacement but the displacement profile of the entire plate to
understand the global response. The displacement contour for a
typical 3 J impact of flax composite and awaterfall plot showing the
progression of the displacement for points along the diameter of
the target are shown in Fig. 6. It can be seen that at time
t ¼ 0.016 ms, there is a noticeable contact between the projectile
and the target, and as time increases, the displacement increases
progressively. It is important to note that the deformation is not
limited to a small area around the projectile contact but there is
global bending in the plate. The waterfall plot only shows the
profile during the loading phase up to the peak displacement and
the unloading part is not shown. The displacement decreases
gradually during the unloading but does not reach zero as there is
still some residual displacement due to plastic deformation and
damage.

A comparison of the time history of the central displacement
and the profile of the z-displacement at maximum displacement
for the different monolithic plates are shown in Figs. 7 and 8 for the
3 J and 8 J impact cases respectively. It can be seen that the GFRP
plate has the smallest displacement of the monolithic plates with
maximum displacements of 2.3 mm and 3.2 mm for the 3 J and 8 J
impacts respectively. The steel plate has similar maximum
displacement (2.7 mm and 4 mm) but exhibit large plastic defor-
mation at the end of unloading (0.65 mm). For the GFRP plate, the
displacement returns to zero on unloading, which indicates good
damage tolerance at the tested energy levels. In contrast, the
weakness of the flax composite compared to the steel and GFRP is
evident with the large displacement and the penetration failure at
8 J impact which is visible as a discontinuity.

The visual inspection of the impacted (front) and rear sides of
the monolithic plates after the 8 J impacts are shown in Fig. 9, and it
can be seen that the steel target has a local indentation at the point
of impact as well as global plastic deformation that is visible as a
bulge in the rear surface. The outline of the clamping area is visible
as a circle. The GFRP target shows no indentation or visible fibre
failure in the outer plies. In contrast, the fibre failure and pene-
tration are evident in both the front and rear surfaces of the flax
composite.
3.1.2. Impact of hybrid laminates
The main objective of this paper is to investigate if the hybrid-

isation of the flax composite with a steel layer will result in
improvement of the impact resistance. The steel-biocomposite
camera showing projectile impact and rebound.



Fig. 4. Typical high speed camera images of the rear surface of the target and the corresponding z-displacement contours obtained from DIC.
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hybrid plate was tested in two configurations; namely with the
impact on the composite side and the impact on the steel side.
Fig. 10 shows a comparison of the central displacement history for
the two hybrid configurations with monolithic flax composite and
GFRP target. It can be seen that the addition of the steel layer
dramatically improves the impact resistance compared to the
monolithic flax composite. The maximum displacements of the flax
composite of 4.95 mm and 9.57 mmwere reduced to 1.45 mm and
2.2 mm for flax-steel hybrid plates for the 3 J and 8 J impact,
respectively. The lower displacement is a good indicator of reduced
damage in the hybrid laminate. This improvement is also critical
that the deformation of the hybrid plates is even lower than the
GFRP composite. This proves that biocomposite hybrids can
potentially be used to replace traditional synthetic fibre composites
in structural applications.
34
It can also be noted from the comparison of the hybrid config-
urations in Fig. 10, that there is no significant effect of the config-
uration as evidenced by the similar displacement history of the flax
- steel and steel - flax hybrid for both energies. A visual inspection
of the hybrid plates after 8 J impact shows that there is no signif-
icant damage in the flax composite for both cases (Fig. 11). The
hybrid composite with the impact on the flax side shows a dis-
colouration in the centre of the plate at the point of impact sug-
gesting local matrix damage. It is not possible to observe visually
any damage on the rear side of the hybrid plate on the steel side.
Similarly, there is localised indentation in the steel layer on the
steele flax hybrid composite and no observable damage on the rear
flax composite side.

Fig. 12 shows the profilometer contours of the flax composite
and the hybrid composites for 8 J impact. The penetration failure of



Fig. 5. Displacement history for 3 J impact for (a) steel, (b) GFRP and (c) flax composite target.

Fig. 6. Displacement contour and waterfall plot along the yellow line in Figure (a) for a 3J impact of flax composite.

Fig. 7. Comparison of displacement history and profile for 3 J impact.
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Fig. 8. Comparison of displacement history and profile for 8 J impact.

Fig. 9. Photographs of samples after 8 J impact.
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the flax composite is clearly visible and the peak residual
displacement in the monolithic flax target is more than 3.5 mm.
The residual displacements in the flax e steel and steel e flax
hybrid composites were 2 and 2.2 mm, and based on the surface
profile it can be proposed that it is marginally better to have the
composite target on the impacted side. The metal layer is more
ductile and is better suited to be on the rear surface which has
larger tensile stresses during the plate bending. However, this
needs to be verified with impacts at higher energies and with nu-
merical modelling.

The impacted samples were cut close to the impact zone and
embedded in a clear epoxy resin for cross-sectional analysis to
observe the damage mechanisms in the flax composite and hybrid
samples. The embedded samples were ground and polished for
optical microscopy. The cross-section views of the targets are
shown in Fig. 13. The fibre failure and perforation in the monolithic
36
flax composite can be observed in the micrographs. In the case of
the flax-steel hybrid (i.e. impacted on the composite side), there is a
sizeable area of debonding between the composite and metal
layers. This debonding typically occurs during the unloading phase
of the impact where the composite layer recovers from the peak
displacement. There is no corresponding debonding zone observed
in the hybrid composite with the steel layer in the impacted side
but there is a more local indentation zone in the steel layer which is
constrained by the composite backing. It is clear that the hybrid
composites have different mechanisms for damage and energy
absorption depending on which layer is impacted first.

3.1.3. Dissipated energy
The initial and rebound velocities measured from the Mem-

recam images were used to calculate the initial kinetic energy and
rebound energy. For instance, the initial velocity for a flax



Fig. 10. Comparison of the displacement histories of hybrid composites for 3 J and 8 J impacts.

Fig. 11. Photographs of hybrid targets after 8 J impact (a,b) flax - steel hybrid and (c,d) steel-flax hybrid.
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composite target impacted by accelerating the projectile with 0.2
MPa pressure was 45.72 m/s. Since the mass of the projectile is
2.98 g, the initial kinetic energy was calculated as 3.12 J. In this case
the projectile rebounded after impact with a velocity of 14.3 m/s.
This meant that the residual energy of the projectile was 0.31 J. The
37
dissipated energy is the difference between the kinetic and
rebound energy. A perfectly elastic impact would mean that the
rebound velocity was the same as the initial velocity and there
would be no energy lost. However, in real impact, some of the
energy is absorbed by the target through plastic deformation and



Fig. 12. Surface profiles of the impacted samples obtained from Alicona Profilometer.

Fig. 13. Cross-section views of the samples after 8 J impact (a) flax composite, (b) flax-steel and (c) steel-flax.
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damage and some energy is dissipated in friction and heat. Fig. 14
shows the dissipated energy as a percentage of the initial kinetic
energy. It can be seen that nearly 90% of the initial kinetic energy is
dissipated in the case of a steel target impacted at 3 J and this in-
creases to 95% for 8 J impact. The ductile nature of themetalsmeans
that large amount of energy is absorbed through bending and
plastic deformation. The GFRP target dissipates the least amount of
energy with 66% and 80% for the 3 J and 8 J impact. This is sup-
ported by the minimum damage observed in the GFRP targets. The
energy dissipated in the 8J impact of flax composite is said to have
reached 100% as there is complete penetration of the composite
Fig. 14. Comparison of dissipated energy for different targets.
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and no rebound of the projectile. In reality, there is a residual ve-
locity in the projectile after penetration of the target but the camera
setup does not support measuring the residual velocity. The main
outcome of the energy analysis is that the hybrid configurations of
flax-steel and steel-flax avoids the penetration failure and there is
reduction in the dissipated energy implying less damage to the
composite. The dissipated energy is comparable to monolithic steel
even though it is still higher than that of GFRP target.

3.2. Results of the finite element model

Typical results from the Finite element simulation of the impact
of a steel target are shown in Fig. 15. The progression of the out-of-
plane displacement (z-disp) contours show the impact loading and
unloading of the target due to the rebound of the projectile. The
time corresponds to different instances from the beginning of
contact to the end of contact (dt ¼ 0.05 ms). The localised defor-
mation in the steel target at the point of contact and the global
bending of the plate can be observed. It can also be seen that there
is a large residual displacement in the steel target due to plastic
deformation.

The total duration of the impact simulation was 0.3 ms. Fig. 16
summarises the results of the central displacement obtained from
the FE simulation of monolithic plates for 3 J and 8 J impact. It can
be seen that the steel target shows plastic deformation in the target
visible as residual displacement similar to the experimental data.
The shorter impact duration and nearly symmetric impact response
of GFRP observed in the experiments is also captured in the FE
model. The displacement history of the flax composite shows
similar linear increase but the failure initiation and resulting os-
cillations in the curve observed in the experiment are not repro-
duced in the simulation.



Fig. 15. Displacement contours obtained from FE simulation of steel target for 3 J impact (dt ¼ 0.05 ms).

Fig. 16. Displacement history of (a) steel, (b) GFRP and (c) flax composite target from FE simulation.
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3.2.1. Validation of FE model for monolithic targets
The validation of the FE model is conducted by comparing the

displacement histories with the experimental data obtained from
the DIC. A detailed comparison of the displacement history results
from the simulation and from the experiment is shown in Fig. 17.
The dashed lines correspond to experimental data and the solid
lines are for the simulation results. The predicted displacements for
the flax composites are underestimated for both the 3 J and 8 J
impact compared to the peak observed in the experiments.

The damage modes of the flax composite after 8 J impact is
shown in Fig. 18. It corresponds to the fibre compressive, fibre
tensile, matrix compressive and matrix tensile modes, respectively.
It can be seen that there is extensive damage in the composite. The
rear face damage in the flax composite is predominantly fibre-
controlled due to the lower strength of flax fibre. This results in
fibre breakage with no apparent delamination as evident from the
fibre tensile damage shown in Fig. 19 (b). This shows that the
layered shell approach is still capable of capturing the main failure
events occurring in the composite plate during impact.

3.2.2. Validation of FE model for hybrid targets
A comparison of the displacement history obtained from the

simulations of the Flax-Steel and Steel-Flax hybrid composites with
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experimental DIC results was also conducted for the validation of
the finite element model of the impact of hybrid composites. The
displacement history from the simulations are shown in solid lines
and the experimental results in dashed lines in Fig. 19. The results
from the Abaqus model has generally good agreement with the
experimental data. The maximum displacement obtained from the
model show good agreement for the 3 J impact case for both the
flax-steel and steel-flax configurations. The unloading phase is not
fully represented as the displacement from the steel rear surface
has large plastic deformation. There is reasonable agreement for
the 8 J impact case, with the steel-flax hybrid having better
agreement than the flax-steel. It should be noted that the macro-
scopic modelling approach adopted in this study with a layered
shell model has certain limitations in its capability to describe the
through-thickness behaviour of the composite. Also, the delami-
nation failure in the composite cannot be adequately simulated
with the layered shell. Dlugosch et al. [20] found similar agreement
between simulation using two layered shell elements with a
simplified interface model and experiment of crashworthiness of
hybrid FRP-steel sections and reported that considering the
complexity of the physical damagemechanisms and the interaction
between the material phases, the simplified modelling approach
was applicable for evaluation of structural concepts.



Fig. 17. Comparison of (a) displacement history and (b) displacement profile of flax composite after 3 J and 8 J impact.

Fig. 18. Failure contours of flax composite after 8 J impact.
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3.3. Parametric study of impact behaviour of hybrid laminates

The validated FE model was then used to study the evolution of
deflection of the hybrid laminate for different energies of impact.
Fig. 20 (a) shows the z-displacement of the Flax-Steel hybrid for
initial velocities from 45m/s to 120m/s, which correspond to impact
energies ranging from 3 J, to 21.5 J. It is clear that the maximum
40
displacement and residual displacement increase with increasing
energy of impact. The difference in the behaviour of the hybrid
laminate impacted on the flax side and steel side are evident from
Fig. 20 (b). It can be seen that at lower energy of 3 J, there is no
substantial difference between the Flax-Steel and Steel-Flax but at
higher energies, the hybrid configuration with impact on the com-
posite has lower deflection compared to the impact on the steel side.



Fig. 19. Comparison of displacement histories for (a) flax-steel and (b) steel-flax hybrid composites.

Fig. 20. (a) Evolution of displacement for different impact energies for flax-steel hybrid and (b) comparison of maximum displacement for flax-steel and steel-flax hybrid
composites.

Fig. 21. Comparison of displacement history for different thickness of steel layer.
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The effect of the thickness of the steel layer on the impact
response of the Flax-Steel hybrid composite was also explored with
the FE model. The displacement history of the hybrid composite
with different thickness of steel layer (0.2 mm, 0.3 mm, 0.5 mm and
0.6 mm) was compared to the displacement history of monolithic
flax composite plate (Fig. 21). It can be seen that the addition of
even a thin layer of 0.2 mm of steel substantially reduces the
deflection in the plate. The increased thickness of the steel layer
further reduces the deflection in the hybrid laminate. This is in
agreement with the results of Yiben et al. [21], who found the steel
thickness in FRP-steel hybrid had a significant effect on the damage
area. The lower deflection and damage area of the hybrid laminate
will result in higher residual strength [19]. These results confirm
the hypothesis that the addition of a steel layer to the natural fibre
composite to create a hybrid laminate is a successful strategy to
improve the impact damage resistance of biocomposites. The
validated FE model can also be used to find optimal configurations
of the hybrid composite for weight and strength requirements of
particular applications.
41
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There are still some potential improvements to the accuracy of
the model planned for future work. In particular, the present model
does not explicitly model the adhesive layer between the com-
posite and the steel layers. During et al. [19] reported that the
plastic deformation of the steel layers and the presence of high
shear stresses at the steel-composite interface results in de-
laminations and subsequently higher absorbed energy. The inclu-
sion of debonding failure between the steel and biocomposite will
improve the accuracy of the predictive model.

4. Conclusions

The objective of this article was to explore the improvement in
impact resistance of natural fibre composites by hybridisation with
metal layer. An experimental campaign of medium velocity impact
testing was used to compare hybrid laminates made of adhesively
bonded flax-epoxy composite and stainless steel layers to tradi-
tional glass fibre composites. The experimental setup consisted of a
high velocity particle impactor and a high speed imaging system
including two Photron cameras monitoring the rear surface of the
impacted target and aMemrecam camera tomeasure the initial and
rebound velocities. Finite element modelling of the composite and
hybrid targets was accomplished using Abaqus Explicit software.
The results of the impact experiments show that the monolithic
biocomposite exhibits fibre failure and perforation even at low
energy of impacts while the failure mode of matrix cracking and
delamination was observed in GFRP plates. The key outcome of the
research was that the hybrid configuration with the steel layer
significantly reduced the deformation and damage in the flax-
composite compared to monolithic plates. Another outcome was
the investigation of the effect of the impact configurationwith steel
or composite layer on the impacted side. Even though the
maximum displacement was similar for the two configurations, the
configuration with the flax composite layer on the impact side was
shown to lead to different failure modes compared to the con-
struction with steel front layer. The composite in front of the metal
layer spreads the impact load over a wider area and is an efficient
approach to improve the impact resistance of the hybrid plate. The
FE model is validated by comparing the displacement histories and
failure modes and the model is used to study the effect of impact
energies and thickness of steel layer. This paper demonstrates the
potential of hybridisationwith metal layer in improving the impact
resistance of biocomposites, and is an important contribution to the
widespread adoption of biocomposites in structural applications.
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