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Abstract
The mechanical behaviour of conventional composites is usually assumed as linear-elastic up to failure. However, the mechanical behaviour of natural fibres based composites is non-linear with a significant influence of
strain-rate. This study presents a FEM model to analyse the impact behaviour of flax/PLA composites. The constitutive model includes the consideration of plastic strains and the influence of strain rate. The model was
validated through comparison with low-velocity impact tests. Numerical prediction were in agreement with experimental results conducted with two impactor nose at different impact energies.
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1 Introduction
During the last years, natural fibres have been introduced as reinforcements in order to develop biodegradable composites [1,2]. In terms of matrices, non-biodegradable polymeric materials (such as epoxy, polyethylene or
polypropylene) are typically used with natural fibres [3]. However, biodegradable matrices (such as polysaccharides, proteins, polyesters, lignin, lipids, etc.) can also be used to obtain 100% eco-sustainable composites [3–5]. The
introduction of fully biodegradable composites can reduce the use of non-biodegradable materials and non-renewable resources. The main advantages of biocomposites are their low cost, lightweight and less energy consumption for
their production. Biodegradable composites are applied in different industrial applications and engineering fields such as packaging, biotechnology, automotive industry or environmental technology, offering significant advantages in
terms of environmental impact, cost and weight [3,6–8].
One of the most relevant drawbacks of traditional composites is their sensitivity under low-velocity impacts [9]. Therefore, there are numerous studies about the low-velocity impact behaviour of traditional composites. The
development of predictive FEM models has been used to get a better understanding of the impact behaviour of composites [10–13]. For instance, Antonucci et al. [10] used cohesive elements to predict delamination evolution on carbon
fibres composites under multiple low-velocity impact tests. Ivañez et al. [11] studied the low-velocity impact behaviour of sandwich beams. The FEM model results were used to explain the influence of foam core on induced damage
during impact. The behaviour of traditional composites reinforced with carbon or glass fibres can be usually assumed as linear elastic up to failure, thus the development of predictive FEM models has been focused on the
implementation of accurate failure criteria and the prediction of damage evolution [12,13].
However, very few studies analysed the behaviour of biodegradable composites under low-velocity impacts, being most of them experimental [14–16]. Huber et al. [14] studied the behaviour of all-cellulose composites (ACCs)
made from Cordenka fibres under low-velocity impact produced by a drop weight test, they found that ACC laminates exceed the impact properties of most conventional composites. Dhakal and his co-workers [15] investigated the fibre
weave architecture effect on the low-velocity impact response of jute fibre reinforced methacrylated soybean oil composite, founding that woven laminates possess better toughness properties. Rubio-López et al. [16] compared the
compression after impact properties of carbon and flax reinforced composites. The normalised compression after impact strength was higher in flax composites than in carbon composites.
The promising results of these few studies means that biodegradable composites can be competitive in terms of strength under low-velocity impacts. However, the development of numerical models to predict the impact

behaviour of biodegradable composites is an almost unexplored field. The first numerical model was presented by Rubio-López et al. [17] to predict the low velocity behaviour of ACC composite plates using a FEM model. This model
was based on the traditional composites hypotheses: linear-elastic behaviour up to failure and strain rate independent behaviour [11,13].
There are some alternatives to model the failure of composites reinforced with natural fibres [18–21]. Wang et al. [18] proposed a multiscale approach based upon the micromechanical analysis of multiple damage events to
predict the behaviour of unidirectional composites subjected to tensile loading. Pan et al. [19] developed a micromechanical model to analyse the influence of moisture absorption on the mechanical properties of natural fibre based
composites. Also shear-lags models have been proposed to predict the non-linear behaviour of biocomposites [20,21]. However, these constitutive models have not been implemented in a FEM model to analyse the impact behaviour of
biocomposites.
On the other hand, different studies have proved the strong influence of the strain-rate on the behaviour of biocomposites and their non-linear behaviour [22,23]. Therefore, traditional composite models assuming linear-elastic
behaviour up-to-failure can be implemented in biocomposites only as a first approach.
This paper presents a FEM model for biodegradable composites considering viscoplastic behaviour. The non-linear mechanical behaviour of biocomposites is defined as a function of strain-rate and a failure criterion based on
maximum strains is included to delete damaged elements. FEM model was implemented in ABAQUS/Explicit software. The results are validated through the comparison with experimental tests conducted on a drop-weight tower with
different impactor noses and different impact energies. Biodegradable composite plates were manufactured from flax woven fibres and poly-lactic acid (PLA) matrix.

2 Experimental set-up
Flax woven fibres were combined with PLA matrix to manufacture the specimens. PLA 10361D was acquired from Natureworks LLC, and it is defined as a biodegradable thermoplastic resin specifically aimed as a natural fibre
binder. Biocomposites were manufactures by compression moulding process. First, five PLA layers and four woven fibres plies were alternatively stacked, then the laminate was place between two thermoheated plates, and pressure
was applied by a universal testing machine. An optimization of the manufacturing process was performed as reported in Ref. [24], revealing that the optimum manufacturing parameters are obtained with plates at 185 °C, applying
16 MPa of pressure during 3 min after 2 min of preheating applying 2 MPa. The fibre weight ratio was stated in 65% as recommended by Ochi et al. [25]. A resulting woven laminate of four layers with a thickness of 2.64 ± 0.11 mm was
obtained. The specimens were cut into square plates of 80 × 80 mm.
Woven fibres and PLA plies were maintained in an oven under 95 °C during 4 h before the compression moulding process to remove water content. All the materials were stored in stable constant conditions of 46% RH and
20 °C before and after the manufacturing process to control the environmental conditions influence.
A CEAST Fractovis 6875 drop weight tower was used to carry out the low-velocity impact tests. The specimens were clamped with a free circular area of 55 mm diameter. The drop-weight tests were carried out by using an
impactor with hemispherical noses of 12.7 mm and 20 mm. The impactor weights were 3.76 kg and 3.815 kg. Impact energy was modified from 3.8 J to 10 J to verify the model capacity to reproduce different damage sizes. The maximum
value of impact energy was below the penetration energy, so that all the specimens were damaged but not penetrated. This range of impact energies was selected to produce a barely visible damage, this is a critical problem in
traditional composite because it can lead to a significant reduction in residual strength.

3 Model description
3.1 Constitutive model
According to the stress-strain curves shown in Fig. 1, there is a significant influence of strain-rate on the mechanical behaviour of biocomposites. Details about the characterization tests can be found in a previous work [22]. Fig.
1 shows that mechanical behaviour is clearly non-linear, stiffness and strength increase with strain rate, while ultimate strain decreases. Stress-strain curves can be directly introduced in ABAQUS/Explicit to include the influence of

strain-rate in a FEM model. However, the strain-rates of the characterization tests ranged from 2.08 · 10−4 to 8.33 · 10−3 s−1, and the expected strain-rates during impact are much higher, thus a constitutive model is necessary to predict
the mechanical behaviour at higher strain rates.

Fig. 1 Stress-strain curves obtained experimentally under different strain rates: 2.08 · 10−4 s−1, 2.08 · 10−3 s−1 and 8.33 · 10−3 s−1.

A constitutive model presented in a previous work [22] was used to properly define the yield stress and to obtain the mechanical behaviour under high strain-rates. This constitutive model is based on a rheological approach
including three branches as shown in Fig. 2.

Fig. 2 Rheological model scheme. (a) non-linear elastic branch, (b) viscoelastic branch, (c) plastic branch.

Branch (a) describes non-linear elasticity through a Yeoh model [26], this model is based on incompressible materials, and thus, the energy density function depends on the first invariant of the left Cauchy-Green deformation
tensor. The constitutive equation for Yeoh model under uniaxial extension is defined in Eq. (1):
(1)

where

are three elastic constants.
Branch (b) considers viscous effects defined through a Maxwell model. Maxwell element is given by a spring and a dashpot in series, the stress is the same in both elements and the total strain is the sum of the spring and

dashpot strains. Thus, mechanical response of Maxwell element is described by Eq. (2):
(2)

where ?? is the dashpot constant, K is the spring constant and

.

Branch (c) introduced the plasticity by a frictional analogy to the Maxwell model, the model includes a spring and frictional element in series. The model stiffness is dominated by the spring element until the frictional element
is activated, the role of the frictional element is to stablish a limit for the stress equal to Y. The definition of the stress-strain relationship is defined by Eq. (3):
(3)

The constitutive equation of the global model is given by sum of the three branches, Eq. (4):
(4)

More detail about the model can be found in Ref. [22] where the model was calibrated and validated for three different biocomposites reinforced with flax, cotton and jute fibres. The values of the material parameters are shown
in Table 1.

Table 1 Parameters of the constitutive model for flax/PLA biocomposites [22].
KMaxwell

1.08 GPa

Kfriction

2.58 GPa

η

230 GPa·s

Y

12.3 MPa

C1

338 MPa

C2

−18.1 GPa

C3

656 GPa
According to the constitutive model, yield stress was defined as a function of strain rate. For instance, yield stress was equal to 23 MPa for a strain rate of 2.08e−4 s−1 and equal to 47.1 MPa for a strain rate of 8.33e−3 s−1.
Additionally, an erosion criterion was included in the FEM to delete damaged elements considering the influence of strain rate on the ultimate strain observed in experimental tests. A VUSDFLD user subroutine developed in

ABAQUS/Explicit was used to define a maximum strain criterion. This criterion allows the removal of the elements that presents strains higher than the maximum defined as a function of strain rates.
Cohesive elements were not included to predict de-bonding between plies because delamination were not observed in experimental tests. Thus, perfect bonding between plies was considered.

3.2 Geometry and mesh
The geometry of the model reproduces the experimental drop-weight tests described in the previous section. The composite consisted on a circular plate of diameter (

Dp

) 55 mm and thickness (

tp

) 2.55 mm. Two different

impactors had been used to model the impactor bar. For simplicity, only the hemispherical nose of the impactors was modelled in the simulation. They were modelled as a hemispherical solid of two different diameters (
12.7 mm and (

)

) 20 mm with a mass of 3.7 and 3.815 kg, respectively, as shown in Fig. 3. The impactor was modelled using linear elastic behaviour (Young modulus E = 210 GPa, Poisson ratio μ = 0.3) since no permanent

deformations after impact were found.

Fig. 3 Mesh and geometry of the FEM models. (a) Impactor nose with ϕ12.7 mm. (b) Impactor nose with ϕ20 mm.

The external surface of the plate was clamped in order to reproduce the experimental drop-weight tests boundary condition. Moreover, an interaction contact was defined between the impactor surface and the node region of
the plate to consider the contact of the impactor surface with all the composite plies. The interaction was modelled using the algorithm surface-node surface contact available in ABAQUS/Explicit.
A mesh sensitivity study was conducted to analyse the influence of mesh size. The selected mesh for the plate had 172,860 linear brick elements, with reduced integration (C3D8R). The strikers were also modelled with 2340
and 9680 brick elements (C3D8R) for the impactors of 12 mm and 20 mm of diameter, respectively.

4 Results and discussion
Numerical results were validated through comparison with experimental data obtained in drop-weight tests. Fig. 4 shows the comparison between the experimental and numerical results in terms of contact force history with
impactor nose of ϕ12.7 mm. There is a reasonable agreement between numerical and experimental curves. The evolution contact force was similar for all the impact energies. First, the impact force increased because of the contact
between the impactor and the plate up to the damage onset. Then, there is a plateau while damage is progressing in the composite plate. Finally, contact force drops to zero when the impactor rebounded from the plate. The FEM

model was able to reproduce all the stages with a reasonable accuracy.

Fig. 4 Contact force history for different impact energies. Impactor nose with ϕ12.7 mm. (a) Eimp = 3.81 J. (b) Eimp = 5.81 J. (c) Eimp = 6.84 J. (d) Eimp = 7.86 J.

Fig. 5 shows that numerical predictions agreed with the experimental results in terms of absorbed energy evolution. The evolution of absorbed energy follows the well-known trend in low-velocity impacts. 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 composite plate 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 composite plate and impactor. The difference between the absorbed energy and the impact energy is the elastic energy that is converted again in the
kinetic energy transferred to the impactor. The FEM model was able to accurately reproduce all these stages in absorbed energy evolution.

Fig. 5 Evolution of absorbed energy for different impact energies. Impactor nose with ϕ12.7 mm. (a) Eimp = 3.81 J. (b) Eimp = 5.81 J. (c) Eimp = 6.84 J. (d) Eimp = 7.86 J.

Figs. 4 and 5 only show the results with the impactor nose of ϕ12.7 mm, the results with the impactor nose of ϕ20 mm were similar. The evolution of absorbed energy with impact energy is represented in Fig. 6 for both
impactors. Again, a reasonable agreement was obtained when the experimental and numerical result were compared. An almost linear increment of absorbed energy with impact energy was observed. When comparing different
impactor noses at the same impact energy, the absorbed energy is almost identical. The main difference is that the impactor with higher diameter can be subjected to a higher impact energy before penetration.

Fig. 6 Absorbed energy as a function of impact energy. Numerical predictions and experimental data for (a) impactor nose with ϕ12.7 mm and (b) impactor nose with ϕ20 mm.

Not only global variables as contact force or absorbed energy were reproduced by FEM numerical model but also failure mode. When traditional composites are subjected to an impact energy lower than the penetration energy,
the main failure modes are delamination and matrix cracking. However, damage modes in natural based composites are quite different, the main failure mode in the impacted specimens was fibre failure as was reported by Huber et al.

[14] on Cordenka fibres based composites. C-Scan ultrasonic inspection was used to analyse internal damage but no delamination was found in any impacted specimen. Fig. 7 shows that failure mode consisted on the formation of four
petals due to two perpendicular cracks in a cross shape, this failure mode is similar to that reported in Ref. [14]. The FEM model was able to accurately reproduce the formation of the two perpendicular cracks and the petals, the
cracks also grew along the fibres directions and the cracks length was similar to those found in experimental tests.

Fig. 7 Cross shape failure mode with an impact energy of 7.86 J and impactor nose of ϕ12.7 mm. Experimental specimens and FEM model.

Since no delamination was observed in the impacted specimens, experimental values of damaged area were defined using the permanent deflection. The damaged area was defined as the points with a permanent deflection
higher than 1 mm. This area was assumed elliptical, so that two perpendicular axes were measured to calculate damaged area. The permanent deflection in the impacted face was measured by means of a laser extensometer MEL
M27L/50. The laser was attached to an automatic positioning system to measure not only the maximum permanent deflection, but also the deflection along a path in the specimen. The damaged area in FEM results was also assumed
elliptical. The lengths of the two cracks were used as the axes of the elliptical damaged area.
The evolution of the damaged area with impact energy for both impactor noses is shown in Fig. 8. For both impactor noses damaged area increases with impact energy and the slope of the curves also increases with impact
energy. The maximum value of damaged area was found when the specimens were impacted with the impactor of larger diameter.

Fig. 8 Damaged area as a function of impact energy. Numerical predictions and experimental data for (a) impactor nose with ϕ12.7 mm and (b) impactor nose with ϕ20 mm.

Numerical results are in a reasonable agreement with experimental data, FEM model was able to reproduce the trends observed experimentally. However, numerical results overestimated damaged area for lower impact

energies and underestimated it for impact energy near to penetration energy. These differences can be neglected in the case of the impactor nose with ϕ12.7 mm, but they are significant in the case of ϕ20 mm. These differences can be
attributed to the greater extension of damage with the impactor nose with ϕ20 mm and the influence of boundary conditions. The composite plate was clamped between two steel rings leaving a free circular surface with a diameter of
55 mm. For sake of simplicity, only the free surface of the composite plate was modelled, considering that the external surface was perfectly clamped. This simplified hypothesis has been proved to be valid to analyse contact forces,
absorbed energy and failure modes for both impactor noses but the estimation of damaged area is more sensible to boundary conditions.

5 Conclusions
A constitutive model considering the influence of strain rate on the mechanical behaviour of biocomposites was implemented to analyse the impact behaviour of flax/PLA composites. The constitutive model considers non-linear
mechanical behaviour as a function of strain-rate and a failure criterion based on maximum strains to delete damaged elements.
The model is validated through the simulation of low-velocity impacts. Numerical predictions were in agreement with experimental results in terms of force history, evolution of absorbed energy and failure modes for all the
impact energies analysed and both impactor noses. Significant differences were found in the prediction of damage area with the impactor nose of ϕ20 mm at higher impact energies. These discrepancies can be attributed to the
influence of boundary conditions when the extension of damage is near to the plate edges.
The main contributions of the model are based on the differences between conventional composites and natural fibres based composites. Conventional composites can be considered linear-elastic up to failure and the influence
of strain-rate is usually neglected. However, experimental tests conducted by different authors have shown the need to consider plastic behaviour and the influence of strain rate to predict the dynamic behaviour of biocomposites. The
present work is the first attempt to include viscoplastic behaviour in a predictive FEM model. The accuracy of the results can open a promising line of research that can lead to a new generation of FEM models for natural fibres based
composites.
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