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ABSTRACT: Based on experimental test results, flax fiber reinforced polymer composites are characterized by nonlinear

visco-elastoplastic behavior. The aim of this work is to model the quasi-unidirectional flax fiber reinforced
composite behavior through a three dimensional formulation with orthotropic elasticity and orthotropic
plasticity using Hill criterion. The isotropic hardening and Johnson Cook parameters are identified from
unidirectional tensile tests at different strain rates. The adjustment of Hill’s yield criterion is developed based on
yield stresses obtained in tensile tests at different directions. The numerical integration of the constitutive
equations is implemented in a user-defined material, UMAT subroutines for the commercial finite element code
ABAQUS. Once model parameters are identified using tensile tests, the model needs to be validated by
confronting it with other experimental results. That is why experimental and numerical three-point bending
tests are carried out in order to validate the proposed model with tests that have not served for the
identification. Finally, a numerical parametric study on low velocity impact of a flax/epoxy composite circular

plate is investigated.
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1 INTRODUCTION

Conventional composites are constituted of synthetic
fibers, such as glass fibers or carbon fibers, reinforced
with oil-based matrices like epoxy or polypropylene.
In recent years, new environmental protocols and
policies have encouraged the return of natural fibers
in the forefront of the scene [1]. As they originate
from renewable resources, plant fibers represent an
interesting alternative to synthetic fibers [2].

Due to their low density, their reasonable cost
coupled with their high specific mechanical properties,
and their availability especially at the European scale,
flax fibers can be considered as the most interesting
vegetal fibers [3]. Their performance has been
investigated for several years. Flax fibers are
traditionally used in the textile industry. Recently,
they have been employed in several other domains
such as transport, leisure and sport for instance. Flax
fibers can also be combined with mineral fibers to
optimize the properties of the assembly [4].

In order to use flax fiber reinforced polymer (FFRP)
composites in industrial and technical applications, a
rough comprehension and a reliable prediction of
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their behavior are needed. However, there is a dearth
of information in this domain. A prediction of the non-
linear stress/strain behavior of unidirectional and
quasi-unidirectional flax fiber reinforced composites
was funded via the development of a semi-empirical
tensor linear model [5]. Rubio-Lépez et al. [6]
established a unidirectional model to predict the
viscoplastic behavior of composites reinforced with
natural fibers, which are flax, cotton and jute. A
unidirectional constitutive model considering the
viscoelastic behavior of flax fiber reinforced epoxy
composites was proposed by Poilane et al. [7]. A non-
linear phenomenological model based on rheological
elements with eight parameters was adopted.
Three-dimensional modeling of the quasi-unidirectional
flax/epoxy composites behavior is, according to the
author’s knowledge, poorly raised in the literature. The
flax epoxy composites behavior is anisotropic in the
elastic region or outside the elastic range. This
anisotropy has been perceived experimentally via
tensile tests at different fiber orientations [8]. An
appropriate material model capable of being used in a
reliable design must encompass the complex flax/epoxy
composites behavior.

Nowadays, natural fiber reinforced composites are
more and more used in automotive applications [9].
These FFRP composites are widely used in many
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engineering applications such as automobile and
aerospace. During their manufacture, maintenance and
service life, these FFRP composites may suffer different
types of damage, of which low velocity impact is
considered as one of the most important and
dangerous, because it can induce internal damage
leading to a significant strength reduction of the
structure. However, these properties are difficult to
quantify. Impact testing of materials is conducted to
determine the amount of energy that can be absorbed
by a material when a force is applied suddenly. Usually,
impact testing is performed using Charpy and Izod test
machines to determine ductile-brittle transitions in
metals [10]. Charpy and Izod tests assume the pre-
existence of a notch which is not suitable for testing
composite materials [11]. Due to the absence of a notch,
the rupture in composites cannot be controlled and the
measured failure energy depends on several
phenomena such as delamination, fiber failure, matrix
failure and fiber matrix debonding in uncontrolled
proportions. The drop-weight test is an alternative
method, which consists in dropping a known mass
from a given height onto a flat sample. As it expresses
better what a structural component would experience
in its service life, drop weight test is considered as a
more realistic test which has proven to be a valuable
source of information about the impact behavior of
woven composites [12], tape laminates [13] and
sandwich structures [14].

Low velocity impact behavior of composite laminates
has been investigated intensively [15-19], among
authors. However, limited works can be found on low
velocity impact behavior of plant fiber reinforced
composites. Recently, some works were conducted on
low velocity impact behavior of hybrid composites,
which consist of a combination of synthetic and plant
fibers impregnated with a polymer matrix [20, 21].
Recent studies have begun to explore the impact
behavior of hemp fiber reinforced composites [22-24].
A finite element numerical model was established by
Rubio-Lépez et al. [6] in order to predict the low
velocity impact behavior of all-cellulose composite
plates made from Cordenka woven plies. Liang et al,
[25] conducted an experimental study of flax/epoxy
impact behavior of composite plates subjected to low-
velocity transverse impact.

In the present work, a three-dimensional material
modeling which can be implemented in current finite
element codes is presented. The model is able to
describe the complex behavior of flax/epoxy
composites. This model takes into account the
orthotropic elastic behavior, the anisotropic plasticity
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using Hill criterion (1948) [26], the isotropic
hardening and the viscoplastic behavior. Tensile
results at different strain rates conducted by Poilane
et al. [7] are used to determine the viscoplastic
behavior of the flax/epoxy composites. Elastic
mechanical properties of the same composite
obtained by Cherif et al. [8] are deployed to establish
the three-dimensional anisotropic elasticity. Tensile
tests at different fiber orientations [8] are used to
extract Hill anisotropic coefficients. Three-point
bending tests are carried out experimentally and
numerically in order to validate the model with tests
that have not served for the identification. The model
is then used to simulate low velocity impact behavior
of flax/epoxy composites. The present proposed
three-dimensional formulation is the first attempt to
model the quasi-unidirectional flax epoxy composite
behavior with orthotropic elasticity and plasticity.

The remainder of this paper is as follows. The
constitutive equations development and the numerical
integration are given in Section 2. In Section 3, model
identification and validation of flax/epoxy composite is
established. Experimental tests on quasi-unidirectional
flax/epoxy composite are explored in order to establish
a 3D viscoplastic with anisotropic elasticity model.
Section 4 consists in modeling the impact behavior of
epoxy/flax circular plate. A parametric study is
accomplished based on the impactor mass, initial
velocities, impactor geometry and the circular plate
thickness.

2 CONSTITUTIVE EQUATIONS AND
NUMERICAL IMPLEMENTATION

2.1 Three-Dimensional Rate-Independent
Orthotropic Elasto-Plasticity

A three-dimensional rate-independent model with
isotropic hardening, which takes into account the
anisotropic behavior is established. The total strain

tensor ¢ is composed of an elastic strain tensor &°
(instantaneous reversible strain) and a plastic (time-
independent irreversible) strain tensor &° .
— o€ P

E=¢& +¢ (1)
The stress tensor ¢ is related to the elastic strain by
the elastic stiffness tensor D as follows

c=D:¢° (2)
In the case of orthotropic elastic materials, the inverse
of the elasticity matrix D, referred to as the
compliance matrix S, is expressed as follows
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where (E;,E,,E;) are longitudinal and transverse
Young’s moduli, (Gy,,Gy3,Gyg) are shear moduli and
(v12,v13,v23) are Poisson ratios. With the plane stress

assumption, the elasticity matrix D became
H, 0 0 0

Sym Gs; O
GZS

where G;, = G;3. The components of D can be written
in terms of Engineering constants as follow:
E E vi,E, vy E
Hy,=— H, =—2 , H,=-12"2_"21"1
1 22 12 a a
2
(5)

Concerning the yield criterion, it is chosen as

f=¢(6)-0,, 0, =0y +R (6)
where oy is the initial yield stress, ¢(o) is the

equivalent stress and R is the drag stress in isotropic
hardening. In order to express the anisotropic plasticity,

the equivalent stress ¢(¢) can be described by using
the Hill criterion [26]

9(c)=|ol,, =Vo' Ho 7)

where H is a fourth-order tensor given in a condensed
form as [27-29].
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H G, F, N, M and L are Hill material constants to be
identified. The evolution equations for the present
problem are given as follows

) .of .

p: ER— ’n: H 9

e A (o) o 9

; of .

f=—p—= 10
YRV (10)

where 7/ is the plastic multiplier which is consistent

with the loading/unloading condition
y>0, <0, yf=0 (11)

2.2 Numerical Integration

A fully implicit integration algorithm is used to solve
the constitutive equations. The main advantage of the
present local fully implicit integration algorithm is its
strain driven characteristic and unconditional stability
with a low number of equations to be solved: only one
equation. The unknown of this equation is the plastic
multiplier Ay

12
f(Ay)=9¢(6) -0, =0 ¢)=[atrTIgTHIglatr}
| (12)

A7 (13)

Pn+1

¢ =D(z,,-&),l;=1+uDH, u=

n+l "~ ©n
where I'is a fourth order unit tensor.
I is the fourth order tensor that relates the final

stress tensor o, to the trial stress tensor ¢

n+l

Gy = 10" (14)
The Newton-Raphson iterative scheme is used for the
local Equation (12). To preserve the quadratic rate of
convergence that characterizes Newton’s method, it is
crucial to use the consistent tangent modulus. The
derivation of the elastoplastic consistent tangent
modulus is relatively lengthy but follows only usual
application of consistent linearization concepts. The
details of derivations are omitted and the final form of
the elastoplastic consistent tangent modulus for the
proposed constitutive model is as follows
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(17)
The numerical treatment of the proposed algorithm is
implemented in ABAQUS using user interface material
subroutines UMAT. More details on the formulation

and numerical implementation of the present model
can be found in Wali et al. [27] and Wali et al. [30].

! T
Q=op,+ Moy1Vy

2.3 Extensions to Viscoplasticity

As proposed by Simo et al. [31] and followed by
Koubaa et al. [32], the loading/unloading condition,
Equation (12) for rate independent plasticity, is
rewritten, for rate dependent plasticity, in terms of

the inverse function g_l () as

Ay

fzgl(Ej forf >0< Ay >0 (18)

Combining Equation (18) with the consistency
condition Equation (12) results in the modified
Equation (19)
-1 A}/
h(Ay):gD(O')— O'p"rg E =0 (19)

For the linearization of Equation (12), and tangent
operator, all to do is to replace

. _( Ay 1 Ay
(ap : Gp)by(ﬁp +9(Ej, Tp+ [ED (20)
where §(.)= g™t ()-
One can note that for practically all rate-dependent

models through the choice of J (), the inverse g*l ()

is given in a closed form. In the present paper a
modified Johnson-Cook (J.C.) law is used where the

g () function is given by
. X
g(x)=¢, exp{c—:l

Gy

(21)

which leads to the following equation for the flow
stress

h= (p(a)-[q +Q(1-exp(~pz, ) + kgp}[l-CLog (iﬂ -0
80
(22)

k is the asymptotic hardening modulus, Q@ and S

describe the non-linear part of the tensile curve when
plasticity appears, and C represents the strain rate
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sensitivity coefficient. &, is the reference strain rate

and & represents the strain rate.

3 MODEL IDENTIFICATION AND
VALIDATION IN QUASI-STATIC
CONDITIONS

3.1 Anisotropic Elasticity

The tested material is a quasi-unidirectional flax fiber
reinforced epoxy composite, based on so-called FUD
180 flax reinforcement supplied by LINEO NV Company.
The quasi-unidirectional flax/epoxy composite is
marked by an anisotropic behavior. Using tensile tests
on samples with different fiber orientations (0°, 45° and
90°), the elastic properties of this composite are
identified and given in Table 1.

Tensile tests at different strain rates performed by
Poilane et al. [7] are explored in order to identify the
behavior of flax fiber reinforced epoxy. The strain rates
are £,=10°s"; £=10"s"; £=10"s"; £=10"s"
and the stress-strain curves are presented in Poilane et
al. [7]. According to these tests, flax fiber reinforced
composites are characterized by a viscoplastic behavior.

Table 1 Elastic properties of FUD180 reinforced composite
materials [8].

E,(GPa)|E, =E, (GPa) Gy, = G, (GPa)

Gy (GPa) Vip=Viz| Va3

18.0+ 4.7+
1.0 0.3

1.86%
0.17

1.66x | 0.37% (0.404
0.15 0.01 |0.06

3.2 Hill’'s Material Parameters
Identification

Tensile stress-strain curves obtained with composite
samples at different fiber orientations (0°, 45° and
90°) (Figure 1) are used to determine the Hill's
material parameters, [26], Table 2. These material
parameters are determined via equations that relate
the yield stresses for different fiber orientations
(090, 0450, 099) to one another and with eventually the
coefficient ro [26]. This coefficient ro is the ratio
between the two transverse strains (strains among
the width and the thickness). In this case, ro=1.

Table 2 Hill's material parameters.

c B N ML
1
2 1 1 4
(22 1-G|= s—F-G|IN N
Og° 1+, 2 (ﬂ)
—H Ope
2.51 050 [0.50 [1.97 1.97 [1.97
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Figure 1 Stress-strain curves at different fiber orientations
(0°,45° and 90°) [8].

3.3 Isotropic Hardening and Johnson Cook
Parameters Identification

In this study, the drag stress R is expressed by an
optimized Johnson Cook law defined in Equation (22).
The identification of the modified J.C. law consists in
determining the material parameters Q, 3,k and C.

This work is achieved in two steps. The first step consists
in identifying the hardening parameters (Q, £ and k)

using the least square method for the stress-strain curve
at the reference strain rate (£, =10°s™) (Figure 2). Itis

observed that the initiation of plastic deformation is not
well modeled. However, ].C. model becomes completely
effective when the flow is stabilized.

In the second step, the coefficient C is determined by
inserting the values of the hardening parameters and
those of the strain rates in Equation (22). The
coefficient C is the slope of the linear trend curve

obtained by plotting ( Oy /O'O —1) as a function of the

log of the deformation velocity (Log(£/&,)). The

identified material parameters of the optimized
Johnson Cook law are given in Table 3. Finally, the
model is validated with the experimental curves at
different strain rates as presented in Figure 3.

Table 3 Material parameters of the optimized Johnson Cook
law.

oy (MPa) | Q (MPa) B
33 6.015 1210

k (MPa) c
20684 0.152
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Figure 2 Validation of the stress parameters at the
reference strain rate (dashed line) with experimental curve

at g, = 10%s™* (orientation 0°).
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Figure 3 Validation of the model (dashed lines) with the
experimental curves [7] (orientation 0°).

3.4 Unidirectional Tensile Test Verification

Tensile test simulations using the J.C. model
implemented in a finite element code Abaqus/Umat is
accomplished in order to validate the model with
experimental tensile test results. Finite element tensile
tests are simulated under plane stress conditions.
Figure 4 presents the initial configuration including the
specimen shape and dimensions used for the numerical
tensile simulations as well as the deformed
configurations for different fiber orientations
(6 =0°,45° and 90°) after tensile tests.

For a fiber orientation of 45° (Figure 4c), the deformed
shape of tensile specimen is inclined. This phenomenon
can probably be due to the anisotropy of the flax/epoxy
composites. Tensile loading of the composite with fibers
oriented at 45° may cause fiber/matrix shear which can
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also explain the inclination observed in the specimen.
Figure 5 depicts a comparison between finite element
and experimental tensile results. It is shown that for
fiber orientation of 0°, the finite element tensile test
simulations are in good agreement with the
experimental results. As for fiber orientation of 45° and
90°, the numerical tensile curves are valid in the elastic
domain and at the beginning of the plasticity. This can
be explained by the fact that the present formulation
does not take into account the damage phenomena. One
other explanation could be that for fiber orientation of
45° and 90°, the viscous effect is more pronounced as
the matrix play a crucial role is those directions.
Including damage in the formulation as in [33-35]
would be an interesting topic in predicting the exact
behavior of the quasi-unidirectional flax (FUD180)/epoxy
composites. It would be also useful to take into account of
the viscosity at several characteristic scales [36, 37] or the
coupling between damage and viscoelasticity as in [38].

W |ﬁ> o x

- — :

L =200mm ; w=20mm
e=2mm ; u=3mm
6 =0°,45°,90°
(a) Initial configuration

(d) 6=90°

Figure 4 Unidirectional tensile tests: Finite element
simulation for different fiber orientation ((a): Initial

configuration; (b): @ = 0°; (c): @ = 45°; (d): & =90°).
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Figure 5 Uniaxial tensile tests at 0°, 45° and 90°, present
finite element results versus experimental results from
Cherif etal. [8].

3.5 Three-Point Bending Test

The purpose of this work is to validate the identified
constitutive model, developed in Sub-sections 3.1, 3.2
and 3.3 with tests that have not served for the
identification. The model is implemented in an
Abaqus/Umat in order to reproduce acceptable results
in the case of three-point bending test. An initially
specimen shell supported on ends is subjected to a
transverse displacement in the middle. The specimen
length is L=80 mm, the width is w=10 mm and the
thickness is € =2mm (Figure 6). The material elastic

properties are given in Table 1. Hill's material
parameters are given in Table 2. As for the material
parameters of ].C. law are brought up in Table 3.

The material investigated in the experimental and
numerical study is flax fiber reinforced epoxy composite.
The same material is used for tensile tests that have
served for the identification of the ]J.C. model. The
reinforcement is a quasi-unidirectional flax ply FUD 180
(weight 180 g/m?) manufactured by LINEO NV
Company. The matrix is an epoxy system which consists
of a combination of a resin (LY 1546) and a hardener
(Aradur 3787) supplied by HUNTSMAN Corporation.
The flax reinforcements are dried for one hour at 110°C
in order to eliminate water molecules. The composite is
manufactured using compression molding. The
reinforcement is impregnated manually then kept under
compression at ambient temperature for two hours
before curing at 100°C for two hours. The samples are
cut using Laser machine Trotec speedy 400.

Three-point bending tests have been carried out using
an MTS criterion tensile testing machine Model 43.
The distance between the two cylinders (diameter 25
mm) for fixing the test piece is 70 mm. Three-point
bending tests are carried out in air at 20°C.

© 2018 Tech Science Press 469
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The numerical model of the three-point bending test is
shown in Figure 6. The numerical study is conducted
with the commercial software ABAQUS. The specimen
is modeled with the standard structural shell elements
S4 using 2400 elements and 10 integration points in
thickness. It is a quadrilateral 4-nodes element with
three rotational and three translational degrees of
freedom per node. The contacts punch/specimen and
specimen/dies are referred to as “hard contact”. The
friction coefficient is 0.2. A convergence study indicates
that the use 5x40 nodes are appropriate. This problem
is solved numerically using the UMAT implemented in
ABAQUS/implicit.

Figure 7 presents the initial and the contour plots of
the transverse displacement of the final real deformed
configuration for the flax fiber reinforced epoxy
specimen. A displacement of 10 mm is imposed. The
maximum displacement is observed in the middle of
the tested specimen which is in accordance with the
experimental results.

A comparison of the induced load evolution in the middle
of the specimen versus the imposed displacement
between the experimental and finite element simulation
for a strain rate in the range of 10 s™ at different fiber

orientations is shown in Figures 8,9 and 10.

R=12,5mm

Figure 6 Numerical model of three points bending test.

Figure 7 Three points bending test. Z-displacement on the
final real deformed configuration & = 0° .
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Figure 8 Load versus displacement responses for three
points bending test for fiber orientation 0°.
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Figure 9 Load versus displacement responses for three
points bending test for fiber orientation 45°.
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Figure 10 Load versus displacement responses for three
points bending test for fiber orientation 90°.

Numerical and experimental results for fiber orientation
0°, 45° and 90° are in good agreement especially in the
first stage, where the proposed model is applicable.
These results illustrate the good performance of the
proposed model to predict the mechanical behavior of
the studied material. Conversely to three-point bending
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behavior, the tensile behavior at 0° is better reproduced
than the other orientations. Experimentally, it is under
bending at 0° that delamination is observed the most. In
the second stage, there is a discrepancy between the
numerical and experimental results. As the proposed
model does not take into consideration damage
phenomena, it can be an eventual cause of this
divergence. Local evolution at the punch and dies levels
can cause this divergence as well.

4 MODELING OF LOW VELOCITY IMPACT
TESTS

4.1 Finite Element Model Description

In this section, falling weight impact tests on a
flax/epoxy composite circular plate are simulated in
order to test the model and to deal with impact
phenomena encountered in the automotive and
aeronautic fields. Impact is imparted perpendicularly
to the plane of the laminated plate, using a falling
weight of mass 54.4 g with a hemispherical nosed
cylinder of 6.35 mm diameter. The purpose of using
small mass with a relatively high velocity of impact
(from 10 m/s to 20 m/s) is to reproduce the
conditions of severe strikes during service (an
example could be the dropping of a small rock on an
exterior automotive panel). The projectile hits the
flax/epoxy circular plate of 60 mm radius with an
initial velocity Vy [32, 39, 40]. Fibers are oriented in
the X direction. The circular plate is clamped at its
borders and the projectile is subjected only to a
movement in the Z direction (Figure 11). A rigid body
is assumed for the impactor with property assigned.
The contact between the projectile and the plate is
referred to as “hard” contact. The friction coefficient
between the projectile and the plate is 0.2. The plate is
modeled with the standard structural shell elements
S4. The plate is meshed using 38350 S4 elements and
5 integration points in thickness. In order to obtain
more accurate results, the meshing is refined in the
contact zone of the circular plate and of the impactor.
The mechanical properties of the plate are illustrated
in Tables 1, 2 and 3.

Figure 12 illustrates the influence of the C parameter
in the Johnson Cook model on the impact force
evolution for mp=54.4 g, R,=6.35mm, e=1 mm and
Vo=15 m/s. The addition of the viscosity component in
the (J.C.) law decreases the impact force which can be
explained by the fact that a part of the impact energy
is absorbed by the viscosity [40, 41].

J. Renew. Mater., Vol.6, No.5, August 2018

Figure 11 Hemi-spherical projectile impacted circular plate.
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Figure 12 Force versus time responses for mp=54.4 g,
Rp=6.35 mm, e=1 mm and Vo=15 m/s.

4.2 Parametric Study

A parametric study is carried out in order to
determine the influence of the plate thickness, the
viscous component in the model, and the projectile’s
mass, velocity and radius on the response of the plate.
The projectile hits the plate with an initial velocity V.
Impact test can be divided into two phases. The first
one consists in a loading phase where the projectile
contacts the plate until its velocity and thus its energy
reaches zero. This phase can be divided in two phases
namely the elastic loading and the plastic loading.
Then, due to the absorbed energy, the plate rebounds
and pushes back the impactor. This second phase is
referred to as unloading or recovery phase [29, 41].

¢ Influence of the plate thickness

As a first step, a study of the plate thickness effect on
the plate reaction is presented in Figures 13, 14 and
15. The evolution of the plate center displacement
with impact time is presented in Figure 13 for plate
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thicknesses equal to e=1 mm, e=2 mm and e=3 mm.
According to the displacement response shown in
Figure 13, it can be noted that the central deflection
keeps on decreasing when the thickness increases.
The impact force evolution in time predicted by the
present numerical model for e=1 mm, e=2 mm and
e=3 mm are plotted in Figure 14. The increase of the
plate thickness causes an increase in the values of the
maximal impact forces and a great decrease of the
impact time. In fact, when the plate is thicker, the
bending stiffness is higher which may explain the
force increase and the deflection decrease. A
reduction of the plate thickness increases the plate
deformation (cf. Figure 21). Therefore, the specimen
would need less time to find its equilibrium position
in the unloading phase. This may be a possible cause
of impact time decrease when the plate thickness
increases. These results are in accordance with those
shown in Figure 15 which illustrates that impact
velocity reaches zero in less time as plate thickness
increases. The contact force and impact velocity
obtained from both numerical analyses indicate that
the impact force will reach its peak when the velocity
decreases to zero.

¢ Influence of the projectile mass

The analysis of the impact force evolution through
time in Figure 16 indicates that the impactor mass
increase augments the peak force and the impact time.
As the projectile gets heavier, the impact energy is
intensified which can explain the increase of the
impact force. It may also justify the impact time
increase since it becomes harder for the plate to push
back the projectile. Figure 17 depicts the projectile
mass effect on the evolution of the impact velocity in
time. Velocity evolution is induced by the rigidity of
the plate/impactor system and this one does not seem
to change too much when the mass changes. The
variation of the impactor’s mass (mp=23.5 g, mp,=35.5
g and mp=54.4 g) are in accordance with the results
obtained in the study of the plate thickness effect.
Indeed, the impact velocity reaches zero at the impact
force peak.

e Influence of the projectile velocity

Figure 18 depicts the effect of the projectile velocity
on the impact force evolution through impact time. It
is shown that the increase of velocity impact leads to
an intensification of the impact energy and thus an
increase in the impact force plate response.

Figure 19 illustrates the relationship between the
maximum impact force and the initial impactor velocity
for diverse mass of impactor. It is noticed that the
maximum impact force increases with the increase of
the initial impactor velocity, and can be expressed
approximately in power relationship as follows,
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where, C,is a coefficient related to the impactor mass.
The coefficients C, are given in Table 4. It can be noted
that the projectile mass increase induces a drop in the
values of the coefficients C, and n,.

Table 4 C, coefficient related to the projectile mass

mp (g) 23.5 35.55 54.4
C 0.0424 0.0365 0.0259
. 1.447 1.38 1374

e  Anisotropy illustration

Figure 20 shows deformation profiles in longitudinal
and transverse directions of clamped circular plate for
e=1 mm, where the fibers are oriented in the X direction.
The difference observed between the X and the Y
directions can be probably due to the orthotropic
behavior of the flax/epoxy composite. These results are
confirmed by the deformed configurations of flax/epoxy
composite portrayed in Figure 21 at the time 0.88 ms
under the initial velocity Vy =15 m/s for e=1 mm, e=2
mm and e=3 mm.

The anisotropy presented in composite materials
affect greatly the low velocity impact behavior and is
accompanied with a great variation of the maximum
impact force and the center plate displacement of the
impacted circular plate.

The contact impact model proposed in this paper can
predict certain characteristics of the contact impact
process. It is also able to predict the history of the
impact force in the case of a projectile striking a
circular plate.

Time (ms)

Displacment (mm)

| —-—-e=2mm
-=-=--e=3mm

-10

Figure 13 Displacement of the plate center versus time
responses for my=54.4 g and Rp=6.35 mm and Vp=15m/s.
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Figure 14 Impact force versus time responses for my=54.4 g
and Rp=6.35 mm and Vp=15m/s.

Figure 17 Impact velocity versus time responses for e=1
mm, Rp=6.35 mm and V=15 m/s.
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Figure 15 Impact velocity versus time responses for
mp=54.4 g and Rp=6.35 mm and Vp=15m/s.

Figure 18 Impact force versus time responses for e=1 mm,
Rp=6.35 mm and mp=54.4 m/s.
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Figure 16 Impact force versus time responses for e=1 mm, Figure 19 Maximum impact force versus initial impactor
Rp=6.35 mm and Vp=15 m/s. velocity.
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Figure 20 Deformation profiles at 0.88 ms impact time
along the rolling and transverse directions for mp=54.4 g,
Vo=15 m/s and e=1 mm.
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c) e=3 mm

Figure 21 Hill’s equivalent strain at t=0.88 ms for my=54.4 g
and Vo=15m/s.

5 CONCLUSION

Experimental tests have shown that flax fiber reinforced
polymer composites are characterized by nonlinear
visco-elastoplastic behavior. In this paper, a three
dimensional formulation with orthotropic elasticity and
orthotropic plasticity using Hill criterion is accomplished
to model the behavior of a quasi-unidirectional flax fiber
reinforced epoxy. The isotropic hardening and Johnson
Cook parameters are identified from unidirectional
tensile tests at different strain rates. A numerical
integration of the constitutive equations is implemented
in a user-defined material subroutines ABAQUS/UMAT.
The model validation is achieved via comparison
between experimental and finite element tensile tests
simulations for different fiber orientations. To validate
the numerical implementation, experimental and
numerical three-point bending tests are carried out. A
good agreement is found between the experimental and
finite element simulation results for different fiber
orientations. The discrepancy observed at high strain is
explained by the fact that damage is not taken into
account in this present model. Finally, a numerical
parametric study on low velocity impact of a flax/epoxy
composite circular plate is studied. A parametric study,
such as the plate thickness, the projectile mass, velocity
and radius are investigated.

In future work, in order to reproduce the complex
behavior of the flax/epoxy composites, enhancing the
proposed model and thus implementation are
considered by taking into account progressive damage
phenomena.
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