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Abstract

In this work a numerical model was developed to predict the behavior of thin woven
laminates under high velocity impacts. The material model, implemented in a user
subroutine to be used with a commercial FE code, takes into account different fail-
ure mechanisms. The inter-lamina failure prediction is achieved by means of the use
of cohesive elements. Finally, in order to validate the model, experimental tests were

accomplished in a wide range of velocities from 100 to 400 m/s. Residual velocity of
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the projectile and damaged area of the laminates are compared with the numerical
results. Once the model is validated, a further investigation has been made in order

to analyze the influence of projectile slenderness on the laminate response.

1 Introduction

Aeronautic and aerospace industries play a very important role in the technical
development of composite materials. These industries are continuously increasing
the use of laminated composite structures, due to their high strength-to-weight and
stiffness-to-weight ratios as well as their anisotropic behavior. Those special charac-
teristics allow to optimize designs and fulfil the strict requirements of the mentioned
industries. In addition the total mass of the structures is reduced and hence the fuel
consumption diminished. Laminated carbon fiber in an epoxy matrix is the most
used composite material in structural applications in these sectors because their
good combination between mechanical properties, high resistance to corrosion and
fatigue, and low density. The reduction of raw material costs, the development of
automation of manufacturing processes and the growing experience in design tech-
nology have increased the CFRP applications in commercial aircraft, where the
percentage of this kind of materials in last designs of aeronautical structures con-
stitute more than the 50% (in terms of weight). Due to the use of these materials
in primary structures, it is necessary to understand how composites behave during

their service life when they are subjected to the different loads.

Vulnerability studies of CFRP aerospace structures are of great importance in the
design of any aircraft. These structures may suffer high velocity loads due to bird

strikes or hailstones, especially dangerous because of their high possibility of oc-



currence and their disastrous consequences. Moreover, a stone, small fragment or
metallic piece located in the take off runaway, as well as any other kind of debris
could impact a fuel tank causing hydrodynamic ram effects and the catastrophic
failure of the aircraft [1-7]. The aeroengine turbine blade may also fail due to fatigue
and may penetrate the wall of containment cell, damaging oil tanks and airframes
[8]. Impact engineering is also of great interest in the field of spacecraft because of
the probability of impact between some of the numerous space debris and a satellite
or space shuttle structures. CFRPs are well known to be particularly vulnerable to
foreign objects impacts, mainly due to the brittleness of the polymeric phase which
cause a multiplicity of failure modes and leads to significant strength reduction in
post-damage performance. Therefore understanding their response to a range of
potential impact loadings and resulting damage mechanisms is essential for the suc-

cessful use of these materials.

The response of CFRP panels is quite different depending on the velocity of impacts
[9]. Numerous works that study the behavior of CFRPs subjected to low velocity
impacts have been carried out by means of experimental tests methods such as
pendulum impact or drop tower impact. However, the number of papers regarding
the behavior of carbon fiber laminates impacted at hundred of meters per second
is relatively small. Experimental results of CFRPs impacted by steel projectiles at
high velocities can be found in the works of Cantwell and Morton [9], Sun and Potti
[10], Larsson [11], Bland and Dear [12], Lépez-Puente et al. [13-15], Will et al. [16],
Tanabe et al. [17,18], Hammond et al. [19], Hosur et al. [20], Herzsberg and Weller

[21], Caprino et al. [22], and Hazell et al. [23], among others.

The impact process of a projectile onto a composite plate can be described in dif-

ferent phases: initial contact and stress wave propagation, compression and local



punch, plug formation under shear and compression, fiber breakage at the rear lay-
ers, and final perforation. During these phases, the initial energy of the projectile
is totally or partially absorbed (depends if the projectile is arrested or not) by the
laminate and transformed into kinetic energy, strain energy or irrecoverable energy
associated to different damage mechanisms, namely matrix cracking, delamination,
fiber shear or tensile fiber failure. To predict the behavior of composite laminates,
influenced by parameters such as fiber and matrix types, stacking sequence [16],
woven or tape architecture [13], stitching [11,20], service temperature [13], impact
velocity and angle [9,15] and shape of impactor [24], quite complex numerical [25] or

analytical [9,22,26,27] simulation models have been developed by different authors.

This work proposes a numerical methodology to predict the response of carbon/epoxy
woven laminates under high velocity impacts. A material model which takes into
account different intra-laminar failure mechanisms, such as fiber failure in both fiber
directions and in plane and out of plane matrix failure, was implemented through
a user subroutine; in addition the use of cohesive elements allow to reproduce the
inter-lamina failure. The finite element code ABAQUS/Explicit was used in the
numerical simulations. In order to validate the numerical simulations, experimental
tests were performed. A lightweight gas gun was used to carry out impacts of a steel
cylindrical projectile onto carbon epoxy woven laminates at different velocities. The
residual velocity of the projectile, in case of perforation, and the damaged area of
the laminates were measured to validate the numerical results. In addition once
the numerical model is validated, a further investigation has been made in order to

analyze the influence of projectile slenderness on the laminate response.



2 Experimental tests

In order to have experimental data to validate the numerical model that will be pro-
posed, impact tests were performed. Carbon/epoxy laminated plates with 10 plies,

2 were impacted with

([0])1), a total thickness of 2.0 mm and a size of 80 x 80 mm
a steel projectile. Afterwards the mentioned specimens were inspected by means of

a non-destructive technique to measure the damaged area.

2.1 Impact tests

The projectile consisted on a tempered steel cylinder with a diameter of 5.5 mm
and a mass of 1.1 g. The tempered steel is hard enough to ensure that no plas-
tic deformation occurs during penetration, simplifying the analysis because all the
energy associated to the projectile is kinetic. The wide range of impact velocities
performed (100 — 400 m/s) allows to obtain the minimum velocity at which the

projectile perforates the laminate plate, known as ballistic limit.

The set-up employed in the impact tests consists on a one-stage light gas gun which
uses helium at a pressure of up to 200 bar to impel the projectile up to 500 m/s
against the plate. The projectile travels through a gallery in which two photoelectric
cells detect the passing of the projectile, obtaining the impact velocity. At the end
of the gallery, the projectile reaches an armored chamber (1 x 1 x 1 m?), inside of
which the specimen is placed. The appropriate position of the plate is ensured by
means of a support that avoids the movement of the edges of the specimen. The
windows included on the armor chamber, one in a lateral side and another on the

top, allow to light inside the chamber and to capture the video sequence of the



impact. Fig. 1 shows a sketch of the experimental device used for impact tests.

Armored Chamber
Photoelectric cells

//////////////,45////9/

Lateral window

Fig. 1. Sketch of the experimental device.

A Photron Ultima APX digital high-speed camera was employed to measure the
residual velocity when the projectile perforates the plate. The selected frame rate
(15000 frames per second), resolution (1024 x 128 pixels) and the shutter time (11xs)
were chosen based on early testing and represent an optimal trade off between
available lighting and the minimization of blur in the images. The camera was
placed on the top of the chamber allowing the perfect capture of the entry the
exit of the projectile trough the laminate. A sequence recorded by the high speed
camera is shown in Fig. 2. It is easy to determine the residual velocity using an image
treatment software, because the At between the two instants is pre-configured in
the camera, and the distance traveled by the projectile is scaled using the length of

the projectile or even the millimeter paper.

2.2 Damage inspection tests

Once the specimen is impacted, it is analyzed in order to know the extension of the

damage. To achieve this, the specimens are inspected using the C-scan ultrasonic



Projectile Laminate
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Fig. 2. Sequence of impact process.

method, Fig. 3. The ultrasonic techniques are based on the elastic waves attenu-
ation passing through discontinuities of a continuum media, as delaminations or
another kind of damage. A computer processes the ultrasonic waves and shows a
two-dimensional image of the waves attenuation which represents the damage ex-

tension of each specimen. Fig. 4 shows an example of the inspection.



Fig. 3. Non-destructive inspection device.

Fig. 4. Left: Impacted specimen. Right: Non-destructive inspection of the specimen.

3 Numerical simulations

The numerical model has been developed in the commercial finite element code
Abaqus/Explicit v6.10. This code allows describing the material behavior through
a user subroutine written in Fortran; this option has been used in this work to model

the response of the carbon/epoxy woven laminate.



3.1 Material modeling

To reproduce the process of impact of a projectile onto a plate, it is necessary to
define the material models of both solids. The projectile used in the experiments
was made of steel, and by the fact that no plastic deformation was observed after
penetration during the test campaign, a linear elastic behavior was chosen for the

simulations, with the following values: £ = 210 GPa, v = 0.3 and p = 7850 kg/m3.

The carbon/epoxy woven laminate has been modeled as an orthotropic elastic ma-
terial until failure. This kind of approach has been widely used in impact problems
on composite materials; some examples are the model of Hou et al. [28] for tape
laminates or the model of J. Lépez-Puente et al. [15] for woven laminates. To model
how the material fails, different damage mechanisms are defined, both intra-laminar
and inter-laminar. The inter-laminar failure has been implemented by means of a
user subroutine (VUMAT) whereas the inter-laminar failure has been taken into ac-

count using cohesive elements. Following, the different failure modes are described.

3.1.1 Intra-laminar failure criteria

e Fibre failure

This failure mechanism is related to the failure of carbon fibers. Woven laminates
have fibers in orthogonal in-plane directions (1 and 2); hence two different equa-

tions are considered in order to take into account both fill and warp directions.



The equations that describe the failure are:

)
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where 011 and 099 are the stresses in the warp and fill direction respectively, X

and X, are the strengths of the composite laminate in tension and compression
for the warp direction, and finally Y; and Y, are the strengths in tension and

compression for the fill direction.
e Crushing matrix failure.

Two different parameters are proposed in this damage mechanism, one in plane
direction (dy,12), an the other one in the through-thickness direction (d,,3). The

corresponding equations are:

012
dmia = — 3
1= (3)
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Ty (Zc> - 4513523 * Ze mar [(513> Sa3 4

where 0;; are components of the stress tensor, Siz, S13 and Sa3 are the shear
strengths in the three different planes and finally Z, is the strength in the through-

thickness direction under compression. The equation 4 applies only when o33 < 0.

When one of the damage parameters described reaches the value of 1, the stress
components involved in the failure definition (fibre or matrix failure) are set to zero

(i.e. for dpy =0, then 011 = 0). Fig. 5 shows the stress tensor components that are



(a) Fiber failure (b) Shear matrix failure

033

033

(¢) Crushing matrix failure

Fig. 5. Stress tensor componentes in each failure mode

taken into account for each failure mode.

The element erosion is controlled by the total strain; after each time increment the
strain tensor is calculated, if one of the components reaches a critical value, then the
element is removed. The material constants for the carbon fibre woven laminates
used in the simulations are presented in table 1. All the values were provided by

the composite manufacturer.

3.1.2  Inter-laminar failure criteria

e Delamination

To model the delamination that appears between two layers it is necessary to
define, as in any failure mechanism, a damage initiation criterion and a damage

evolution law. Some authors such as Lee [29] and Hashin [30] define the beginning

1"



E1 = Ey Es ZP) viz=1r23  Gi2 Gaz =G13

68 GPa 10 GPa 0.22 0.49 5 GPa 4.5 GPa
Xi=Y,=X. =Y, Ze Zy €1 = €2 €3 €12 = €23 = €13
880 M Pa 340 M Pa 96 MPa 0.025 0.05 0.1

Table 1

Properties of woven carbon/epoxy laminate.

of the delamination by means of a criteria based on normal and shear stresses:
o33\’ o1z’ 23\ >
299 =2 >1 5
() = (%) (%) ®

where t,, ts and t; are the strengths of the cohesive interface in the normal and

in the two shear directions respectively. This last equation is applied if one of the

following conditions is reached:

033> Zy or y/oZy+ 023 > Sag (6)

where Z; is the laminate strength under tension in the through thickness direction.
Different laws for the damage evolution can be found. Some of the most used are
defined based on the energy that is dissipated as a result of the damage process,
also called fracture energy. Some examples of these laws are the proposed by
Benzeggagh- Kenane [31] or the potential laws [32], which are expressed in the
following equations respectively:

Gs
Gr

(&) (&) (g

where G,,, G5 and G} are the released rates energies in the three aforementioned

Gy + (G =GO =G6C (7)

directions, GS, G¢ and GY are the critical values of the released rates energies,

12



and finally o and 7 are parameters of the models. This initiation and evolution
damage models have been implemented in finite element codes such as ABAQUS
by means of the so called cohesive elements. Some examples of the use of cohesive
elements to model the delamination can be found in the works of Camanho et al.

[33], Turon et al. [34], Elmarakbi et al. [35], Lopes [36] or Khokhar [37].

The cohesive elements are based on a constitutive response in terms of a traction-
separation law. Fig. 6 schematically depicts this law for a failure mode type I.
To define the law it is necessary to specify the linear elastic behavior by means
of the correspondent stiffness (K, Kss and Ky ), the initiation of the damage
by means of the interface resistance (t,, ts and ¢;) and the damage evolution by

means of the critical released rate energies (GS, G¢ and G¢).

Traction
|

ln,

Separation

Fig. 6. Typical traction-separation response in a cohesive material [32]

In this work, a quadratic nominal stress criterion for the damage initiation, similar
to equation 5, has been chosen. The damage evolution law is a potential law type
based on energies as the equation 8 in which o = 1. The properties that have

been used are shown in Table 2.
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Knn Kss = Ktt tn ts =1 GI GII = GIII

2 GPa/mm 15 GPa/mm 11 MPa 45 MPa 0.6 J/m?> 1.8 J/m?

Table 2

Parameters for the cohesive interface.

3.2  Finite element mesh

Both the laminate and the projectile were discretized by means of hexahedral el-
ements. In order to obtain reliable results and, based on previous numerical tests,
10 elements were used along the laminate thickness, one per layer. As said, the
delamination is modeled by means of cohesive elements. In this numerical model,
only one layer of cohesive elements, in the middle of the laminate, have been used.
This has been considered as an appropriate way of reproducing the delamination
damage as well as to reduce the computational cost that would result using a cohe-
sive element layer between each ply of the laminate; the amount of energy absorbed
by this damage mechanism is very low compared to the others that participate in
the impact process [26]. Finally, the model has 57546 hexahedral elements and 6400
cohesive elements. Boundary conditions were set to the laminate bottom exterior
edge, to fulfill the experimental set-up; in this zone the displacement in the projec-

tile velocity direction was impeded.

4 Validation

To validate the numerical model proposed, the residual velocity of the projectile
and the damaged area obtained from the experimental tests were compared with
the numerical data from the simulations. Fig. 8 shows the residual velocity versus

the impact velocity for both experimental and numerical results; it is clear that the

14



Cohesive layer

Fig. 7. Mesh of the model and detail of the cohesive layer (right).

model reproduces faithfully the energy loss on carbon/epoxy woven laminates. In
addition it has been found that for this type of projectile and laminate the ballistic

limit is around 140 m/s.

Fig. 9 depicts the comparison between the delaminated area measured after the
impact tests and the numerical data obtained from the simulations. Although dif-
ferences in the values are appreciated, both the experimental and numerical data
show the same trends. Before the ballistic limit, the delaminated area grows rapidly
since all the projectile energy is absorbed mainly as damage. Once the ”critical”
velocity is reached, the delaminated area decreases tending to an asymptotic value
that coincides with the front area of the projectile. Similar results were found in

previous works [15].

15
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5 Analysis of the influence of projectile aspect ratio in residual

velocity

Once the numerical model is validated with the experimental test it is possible to
analyze the influence of the projectile slenderness in the residual velocity keeping

the mass constant. Three different cylindrical impactors where numerically studied

(Table 3).
height [mm] radius [mm] Aspect ratio
Type A 4 3.36 0.59
Type B 6 2.75 1.09
Type C 10 2.13 2.16
Table 3

Studied projectiles.

The residual velocity vs. the impact velocity for the aforementioned projectile
geometries is depicted in Fig 10. Although the kinetic energy of all the projec-
tiles considered are the same, the behavior of the laminates is completely different.
It can be observed that the ballistic limit for the different geometries varies; when
the projectile has a smaller impact area (projectile Type C) the ballistic limit is
lower than a projectile that posses the same kinetic energy with a bigger impact
area (projectile Type A). At high velocities the three curves tend to a straight line

with similar slopes.

The relation between the projectile radius and the residual velocity can be explained

taking into account that the kinetic energy of the projectile is absorbed mainly by

17
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Fig. 10. Residual velocity vs. impact velocity for the different projectiles studied.

two different mechanisms; linear momentum transferred from the projectile to the
detached part of laminate and laminate breakage due to crushing. This assumption

is valid for velocities above the ballistic limit [26,27].

The energy absorbed by linear momentum transfer is due to the fact that the
laminate volume that is in front of the projectile impact area is accelerated from
the rest to the current projectile velocity, and it is assumed to remain attached to
the projectile during the penetration. The associated amount of energy is written

as:

Ep = = (7R?hpy) V2 (9)

N | =

where R is the radius of the projectile, h is the thickness of the laminate, p; is the
density of the laminate (the term in brackets represent the accelerated mass of the

laminate) and V; is the residual velocity.

18



The energy absorbed by laminate crushing is related to the breakage of the lam-
inate by compression because of the projectile impact. The energy associated to
this mechanism is evaluated as the product of the trough-thickness compressive
strength of the laminate o., the projectile frontal area mR? and the distance that

the projectile travels in the laminate h. This term is written as follows:

E.=o.R?h (10)

Finally, the energy balance can be expressed as:

37 (V2 = V2) = B+ B )

where m,, is the mass of the projectile (constant for all the studied cases) and V;
the impact velocity. Rearranging the terms it is possible to rewrite the expression
to show how the radius affects the residual velocity:

mpr — 21 R%ho,

V2=
my + TR2hp;

T

(12)

The equation 12 shows that if the radius of the projectile is increased and all other
parameters remain constant (as in the cases in study), the residual velocity de-
creases. These are the trends observed in Fig. 10 where the values of the residual
velocity that correspond to the projectile with the smallest radius (Type C) are

bigger than the rest of the cases.

6 Conclusions

In this work, a numerical model to predict the response of carbon/epoxy woven

laminates under high velocity impacts has been developed. The numerical simula-

19



tions predict faithfully the residual velocity of the projectile; this capacity is of great
importance in order to study the behavior of aeronautic structures under such kind
of impacts, reducing considerably the number of experimental test. In addition, the
damaged area trends are well reproduced by the model. After validating the model
by means of experimental test, a study of the influence of the projectile aspect ratio,
keeping constant the projectile mass, has been carried out. A clear influence of the

projectile radius in the residual velocity has been observed and explained.
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