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Abstract

This paper deals with low velocity and medium velocity impacts on thin car-
bon/epoxy hybrid laminates made of unidirectional plies and woven fabric
layers. Drop weight and gas gun impact tests were performed to compare the
damage mechanisms of thin hybrid laminates with those of woven laminates
of equivalent stiffness and mass. The results show that hybrid laminates
present a better impact behaviour in terms of post impact damage extent.
These tests were then modeled using a semi-continuous approach. The nu-
merical results well correlate the experiments.
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1. Introduction

This article deals with the impact behaviour of thin carbon/epoxy hy-
brid composite laminates made of unidirectional and fabric layers. The work
focuses on experimental analysis of damage mechanisms and on the develop-

ment of a specific finite element model able to predict damage mechanisms
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and chronology during low and medium velocity impacts.

Composite materials are widely used in many applications, especially
where high strength and stiffness to weight ratio is concerned. This ma-
terial characteristic is interesting for a wide range of industries, particularly
in the transport industry such as aircrafts, helicopters, boats or cars.

However, when impacted, composite laminates exhibit a relatively brittle
behavior with extensive matrix cracking, delamination or fibers breakages
[1]. This damage can lead to a loss of stiffness and eventually a loss of load
carrying capability when fibers break. For this reason, impact behavior of
unidirectional or woven composite laminates has been widely studied ex-
perimentally to understand the impact phenomena and the role of different
parameters on impact damage. These investigations, performed for different
materials and configurations, have been well summarized in different review
papers [1, 2, 3]. The most influencing parameters are the specimen stacking
sequence [4, 5] , the specimen geometry [6, 7] , the nature of fibres and ma-
trix [8, 9, 10], the impactor mass, size and geometry [11, 12] and the impact
energy [13]. The architecture of the reinforcement is also a key parameter
[14, 15]. Indeed, for woven laminates, the measured peak loads and damage
areas are lower than for unidirectional laminates.

Concerning the modelling of impacts on composite laminates, several ap-
proaches have been formulated [16]. They can be divided in differents parts.
The fracture mechanics approaches [17, 18] provide interesting results but
causes difficulties like a sensitivity to the mesh size. The damage mechanics
approaches [19, 20, 21, 22] successfully predict matrix cracking and delam-

ination responsible for stiffness degradation. Delamination is usually made



using interface elements [23, 24]. Wisnom [25] and Abrate [26] have provided
detailed reviews on the use of cohesive zone interface elements to model
matrix failures in polymer composites. Another modelling strategy is the
Semi-Continuous approach [27, 28, 29, 30, 31, 32]. Damage mechanisms in
woven and unidirectional laminates under low and medium velocity impacts
are well predicted.

In the field of hybrid laminates, many papers were published. Most con-
cerns laminates that combine two or more different existing materials [33]. In
the comprehensive review provided by Swolf [34], fibre hybridization studies
are presented. Generally, three main scales are used for the hybridization :
the layer scale, the bundle scale and the fiber scale. Many positive hybrid
effects were found, especially when dealing with simple loading like tensile
loading. As far as more complex loading is concerned, for example impacts,
Swolf concludes that mechanisms are less understood, with sometimes contra-
dictions for the conclusions of different studies [35, 36, 37]. However, recent
work [38] shows that using hybridization to maximize the translaminar frac-
ture toughness can increase the penetration impact resistance of laminates.
Concerning the specific topic of impacts on panels hybridized with the same
fiber and matrix material, but with different architectures for the layers (for
example by mixing unidirectional and fabric layers), few papers were found.

The studies found deal with ballistic performance of thick hybrid compos-
ite panels for body armors [39, 40] or low velocity impact on UD composite
laminate positioned between two ply of 5HS fabric carbon to protect it [41].

In this paper, an experimental study is carried out to show the potential

of thin hybrid unidirectional /woven laminates compared to woven laminates.



Gas gun and drop weight tests are performed on hybrid and woven thin
laminates of equivalent stiffness. The respective damages are analyzed and
compared. The tests are modeled with the Semi-Continuous strategy . The

numerical results well correlate the experiments.

2. Experimental study

In this part, prospective tests on hybrid UD/woven composite laminates
are presented. Low velocity and medium velocity impact responses of hybrid
samples and woven laminates are compared. Four configurations, presented
in Figure 1, are studied.

The two woven laminate samples are made with three plies of carbon /epoxy
woven fabric. Two plies are oriented at +45° and one ply at 0°/90°. For the
first configuration (W1), the 0°/90° ply is at the bottom. For the second one
(W2), the 0°/90° ply is at the middle. The hybrid samples (H1 & H2) have
almost the same stacking sequence than the woven samples, except that the
0°/90° ply is replaced by three unidirectionnal layers oriented at [0°/90°/0°].
The thickness is the same for the four samples : 0.95 4+ 0.0lmm. The hy-
brid configurations were chosen to have the same stiffness than the woven

laminates.

2.1. Low wvelocity impacts

Drop weight impact tests were conducted. Three specimens per configu-
ration were impacted. The sample dimensions are 100 x 125 mm. They are
positioned on a rigid frame with a dimension of 75 x 100 mm, as described in
Figure 2. The steel impactor has a 16 mm diameter hemispherical shape and

a mass of 2kg. It impacts the specimen with an initial velocity of 2m/s, that
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is to say an impact energy of 4 J. The reaction force and the displacement
of the impactor are recorded during impact. Figure 3 and Figure 4 present
respectively the load / displacement curves for the H1 and W1 samples and
for the H2 and W2 samples.

The stiffness is the same for the four laminates. For the samples H1 and
W1, for which the 0°/90° plies are at the bottom, a difference in the rupture
scenario is observed. Indeed the hybrid laminate presents a clear drop of
load while the woven specimen failure is in two steps: a drop followed by a
plateau. Moreover, the peak load is 27% higher for the hybrid sample. The
absorbed energies, that corresponds to the area under the curves, are almost
the same : the difference is 3.6%.

When the 0°/90° plies are at the middle, which corresponds to samples
H2 and W2, the failure behaviour is the same. A drop of the load is first
observed. It is followed by a plateau. The peak load is 28% higher for the
hybrid sample. The absorbed energy is 37% higher for the woven laminates.

Figure 5 presents the post impact damages of the four samples. Fore
the sake of visibility, the cracks are underlined with yellow dotted lines. On
the impacted side, the damage size is the same except for configuration H2.
Indeed, for the three other configurations, a residual dent and small cracks
and fibers failure are observed while H2 presents a barely visible residual dent
and no visible crack or failure. The damage extent observed on the opposite
side from the impact varies with the configuration. The two woven samples
present fractures with approximately the same size. Sample H1 presents the
biggest damage : a cross with a size 110 % higher than the ones observed

in W1 and W2 bottom plies. The damage in the lower surface of H2 is the



smallest, it is 15 % lower than what measured on samples W1 and W2.

A correlation can be found between the size of the fracture surface and
the absorbed energy measured in Figure 3 and Figure 4. Indeed, sample H2
that presents less fiber failure is the sample that has absorbed the less energy.

Furthermore, these results show that the substitution of a woven ply
by unidirectional plies in a thin woven laminate has beneficial effects on
the low velocity impact response. It is all the more interesting when the
unidirectional plies are at the middle.

This behaviour can be explained by the optimal combination of the ad-
vantages provided by the architecture of the constitutive layers, which com-
pensates their drawbacks. Typically, unidirectional plies present very good
mechanical properties in the direction of the fibers, but are weaker in the
transverse direction. The consequence is the apparition of large intralaminar
transverse cracks and delamination when impacted. On the contrary, for wo-
ven composite fabrics, propagation of large intralaminar cracks is prevented
by the weaving of the bundles of fibers. However, this particular architecture
results in poorer mechanical properties than unidirectional layers. Hence
protecting the unidirectional plies between two plies of fabric layers make it
possible to have a thin laminate that combines good mechanical properties

and an improved resistance to impact loading.

2.2. Medium velocity oblique impacts

Medium velocity oblique impact tests were performed with a gas gun
device. The specimens are square with a size of 200 x 200 mm. They are

simply supported on two edges, as described on Figure 6 . The impactor
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is a 19 mm steel ball with a mass of 28 g. The impact angle is 15°. The
velocity of the impactor is 80 m/s & 4 m/s. Three tests were performed for
each configuration.

Figure 7 and Figure 8 show the fracture surfaces observed on the top
and bottom plies after impact. The oblique impact damage shape presents
some particularities, as described in [42]. It is different to the fracture surface
resulting from a low velocity normal impact which has a cross shape. Indeed,
it is extended in the firing axis direction. When the ply is oriented at 0°/90°,
the damage is a longitudinal crack. When it is oriented at +45°, the cracks
initiate with a ”V” shape and propagates with two parallel cracks oriented
in the firing direction.

For the configurations W1 and H1, no damages are visible in the top ply.
In the bottom ply of W1, a large crack is observed while in the bottom ply
of the hybrid laminate H1, only a few resin cracks parallel to the fiber are
observed.

For the configurations W2 and H2, the fracture surface observed in the
bottom ply has the same shape and size. Nevertheless, the upper side of the
woven sample presents a longitudinal crack while in the top ply of the hybrid
sample, no damage is visible.

These visual observations confirm what was observed for low velocity
impacts: the impact behaviour of hybrid laminates is better than the impact

response of woven laminates with equivalent stiffness and mass.



3. Semi-Continuous modelling

In this part, the modelling strategy used to model the impacts presented
in the previous part is described. The detailed formulation is given in [27, 28,
29, 30, 31, 32]. It has been developed in the explicit Finite Element software
Radioss.

The main idea of the Semi-Continuous strategy is to represent the damage
mechanisms observed experimentally by the use of a mesh size at the scale

of the structure of the composite.

3.1. Woven fabric modelling

The principle is to model the woven fabric bundles with a truss struc-
ture which follows the woven pattern geometry. The mesh size respects the
woven fabric pattern i.e. the distance between two bundles. The interlacing
of the warp and the weft tows at the crimp regions is approximated with
oblique rod elements. The epoxy matrix which stabilizes the fibre bundles
is modeled with damageable shell elements placed at the neutral axis of the
ply. The nodes of the rods are offset from the shell to a distance of % in
the thickness-direction where h is the ply thickness. Finally, the connection
between the rods and the shell elements is realized at the nodes through rigid
links as exposed at the bottom-right side of Figure 9. Thus, the rotational
degrees of freedom of the shell induce the tension and compression of the
rods. This strategy allows to represent both the continuous elastic behavior
of the undamaged ply and the discrete behavior of the woven ply when resin

is damaged and fibre bundles are in a non-stabilized state.



3.2. Unidirectional ply modelling

The modelling strategy for unidirectional plies relies on experimental ob-
servations of the failure under impacts. A fracture surface of an unidirectional
thin laminate after impact is given in Figure 10.

The damage scenario can be described in three main steps. First, the
resin is damaged. Longitudinal cracks propagating between the fibers are
observed. The groups of fibers between these cracks, that constitute bundles
of fibers, are not stabilized anymore by the resin. They behave independently,
carrying mainly tensile and compressive loads. Finally, these bundles of fibers
fail in tension when the ultimate strain of the material is reached. The mod-
elling has to represent this damage scenario, and particularly unstabilized
bundles. Thus, the proposed modelling strategy relies on a representation
of the bundles of fibers with 1D rod elements, stabilized with a specific 2D
shell element that can be damaged. The modelling scale is that of the size of
the bundles of fibers: the mesh size corresponds to the distance between two

longitudinal cracks. A description of the modelling is given in Figure 11.

3.3. Interface modelling

The laminate is built by connecting each unidirectional ply with specific
shell-to-shell interface elements. The principle is presented in Figure 12.

These elements are 8-node elements with three translational and three
rotational degrees of freedom per node. This allows feasible connection to
shell elements. The idea is to take into account the thickness of the connected
shells. FEight virtual nodes representing the physical interface are created.
This interface is handled with a classic bilinear cohesive law that accounts

for mode mixicity. The assumption is made that the straight lines normal
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to the midsurface of the plies remain normal, so that the virtual nodes are
connected to the real nodes with rigid body elements. The reaction forces
and momentum applied on the real nodes are deduced from the reaction

forces applied on the virtual nodes.

3.4. Identification

The modelling is handled by numerous parameters for the elastic, pseudo-
plastic and damage behaviour. There are 12 parameters for the woven fabric
modelling, 16 parameters for the unidirectional ply modelling and 5 param-
eters for the interface modelling. All these parameters are identified with
a reverse method on several tests : tensile tests, compressive tests, three
point bending tests, short beam tests, indentation tests, DCB and ENF
tests. These tests are performed with static and dynamic loading. These
experiments are then modeled, and the parameters are found in order to fit
the experimental results (curves and damage extent). An example of reverse

identification is given in Figure 13 for a DCB test.

4. Results and discussion

In this part, the tests presented in section 2 on the hybrid samples are
modeled with the Semi-Continuous strategy on the explicit software Radioss.
For the two types of impact, the impactor and the boundary conditions are
represented by rigid surfaces. For the low velocity impact simulation, 88000
elements are used. The calculation time is 50 minutes on 160 cores. The
oblique impact simulation is built with 280000 elements. The calculation

time is 20 minutes on 160 cores. For both modelling, the mesh size is 1 mm.
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4.1. Low velocity impacts

Figure 14 and Figure 15 show the load / displacement curves measured
experimentally and given by the modelling for the samples H1 and H2.

A good correlation is found in terms of peak load and absorbed energy.
The shape and size of the damage in the lower ply, where it is the highest, is
given in Figure 16. The modelling well represents the damage scenario, the
cross shape and the failure extent.

More, the numerical results are used to provide a better analysis of the
damages within the laminates. Figure 17 and Figure 18 show the stress
repartition in the unidirectional plies before the first damage and the final
damage extent given by the modelling, respectively for samples H1 and H2.
When the unidirectional plies are at the bottom (sample H1), they are mainly
loaded in tension, which results from the global bending of the laminate. This
induces the apparition of a large crack. When that crack opens, the fibers
are loaded and break in tension. As a consequence, the final fracture shape
is a large cross. When the unidirectional plies are at the middle (sample H2),
they are loaded mainly in out of plane shearing. This shearing leads to the
damage of the resin in a localized area. As the fibers are at the middle of
the laminate and protected by the woven fabrics, the strain is lower than in

the H1 case, so that very few fiber breakages are observed.

4.2. Medium velocity oblique impacts

The normal load versus time curves calculated and measured experimen-
tally using Digital Image Correlation [43] are given in Figure 19 for H1 and in
Figure 20 for H2. A peak load, followed by a plateau is observed. Numerical

results well correlates the experimental curves.
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Figure 21 shows the numerical and experimental post impact damage of
the lower ply of the hybrid samples.

A good correlation is found between experimental and numerical results.
The biggest discrepancy is observed for the damage in the lower ply of H1.
Nevertheless, the global shape of the damage is well represented, with the
presence of multiple cracks perpendicular to the fire axis.

To understand the mechanisms leading to that particular fracture shape,
the stress repartition in the plies, given by the model, is analyzed. Figure 22
gives the stress and damage state in the last ply during impact when the
normal load is maximal, that is to say at the time corrsponding to the peak
load. During impact, the last ply is mainly loaded in tension in the transverse
direction (Figure 22 a). If the stress level is high enough, the matrix is
damaged. Indeed, small cracks parallel to the fibers appear (Figure 22 b).
Nevertheless, even at the peak load, the stress in the fibers is not sufficient

to provoke fiber breakages (Figure 22 c).

5. Conclusion

This article presents an experimental and numerical investigation on the
behaviour of thin carbon/epoxy hybrid unidirectional /woven composite lam-
inates under low and medium velocity impact loading. Four sample configu-
rations are tested with a drop weight device and a gas gun in order to observe
the behaviour of thin hybrid laminates and compare their response with a
pure woven laminate with an equivalent stiffness. The main contribution of
this experimental study is to show that an alternative to mixing different ma-

terials for the improvement of impact response of thin composite laminates
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is the hybridization using the same materials but different architectures. In-
deed, the analysis of the impact tests results carried out in this paper reveals
that it is possible to increase the impact resistance of thin carbon/epoxy
laminates by putting unidirectional plies between woven fabric layers. The
unidirectional plies are protected: the woven layers prevent the apparition of
large intralaminar cracks.

The second main contribution of this paper is to validate the semi-continuous
strategy for the modelling of impacts on thin hybrid samples. The modelling
scale at the bundle pattern level and the decoupling between the fibers and
the matrix makes it possible to represent the damage mechanisms and the
local phenomena in the unidirectional plies and in the woven fabric layers,
and that handle the impact response of the whole hybrid laminate. Hence,
the analysis of these results are used to understand better the mechanisms

leading to the final fracture shape.
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Figure 1: Stacking sequences of the four impacted configurations.
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Figure 2: Boundary conditions for the low velocity impact tests.
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Figure 4: Load / displacement curves for H2 and W2.
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Figure 5: Low velocity post impact fracture surfaces.

Figure 6: Boundary conditions for the medium velocity oblique impact tests.
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Figure 7: Medium velocity oblique impact fracture surfaces for H1 and W1.
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Figure 8: Medium velocity oblique impact fracture surfaces for H2 and W2.

26




Damageable
shell element

[

Rod elements Rigid Body Element

Figure 9: Principle of the Semi-Continuous modelling of woven fabrics.
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Figure 10: Example of a post-impact fracture surface of an unidirectional ply.
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Figure 12: Principle of the Semi-Continuous modelling of the interface.
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Figure 13: Example of a reverse identification for a DCB test.
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Figure 14: Experimental and numerical Load/displacement curves

pact on the sample H1 .
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Figure 15: Experimental and numerical Load/displacement curves for a low velocity im-

pact on the sample H2 .
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Figure 16: Experimental and numerical post impact fracture surfaces for the lower plies
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Figure 17: Mechanisms leading to the damage of the UD plies of hybrid sample H1 during

a low velocity impact.
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Figure 18: Mechanisms leading to the damage of the UD plies of hybrid sample H2 during

a low velocity impact.
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Figure 19: Experimental and numerical normal load/time curves for a low velocity impact

on the sample H1 .
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Figure 20: Experimental and numerical normal load/time curves for a low velocity impact

on the sample H2 .

34



—— ——

P——

H1 - H2 -
Lower ply Lower ply

Figure 21: Experimental and numerical fracture surfaces for a medium velocity oblique

impact.
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Figure 22: Mechanisms leading to the damage of the UD plies of sample H1 during a

medium velocity impact.
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