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Abstract

In this work a numerical methodology to predict the behavior of composite unidi-
rectional laminates under high velocity impact is developed. In order to validate the
model, experimental results of high velocity impacts of steel sphere against laminate
coupons, were accomplished. The residual velocity in case of penetration and the
damaged area in the panel are the variables chosen to validate the results obtained
in the numerical methodology proposed. Finally an analysis of the influence of the

projectile geometry is accomplished.
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1 Introduction

One of the main requirements in the aeronautical industry regarding struc-
tural design is to keep weight of structural components as low as possible
for any given structural requirement, often specified in terms of displacement
or strength, and fulfilling some criteria for tolerance to damage. These re-
quirements have propelled in the last decades the use of composite materials,
particularly CFRP unidirectional laminates. In this context, the structural
problem of high velocity impact of debris on aircraft components of composite
materials has become a subject of intense interest [1-16], not only from the
point of view of experimental research [17-19] but also from the perspective
of numerical simulation and virtual testing, given its potential for reducing
the total cost of development of aeronautic structures [20-26]. These com-
putational aspects are the subject of the present work, which deals with the
development of a numerical methodology able to faithfully reproduce the be-

havior of carbon/epoxy laminates under high velocity impact of small debris.

Regarding numerical modeling of impact phenomena, research has focused on
various subjects such as building or improving beam and shell theory and,
particularly, on the development of constitutive and damage models for com-
posite materials. Of the latter, a large number of models can be found in
the literature, which can be roughly classified in two categories: discrete (or

uncoupled) models and models of Continuum Damage Mechanics (CDM).

Mechanical loading of structural elements of thin, planar topology made of
laminated composite materials are often modeled by means of Finite Ele-

ments. As thickness is small as compared with overall size of these planar



elements, a single layered shell element is used through the thickness, with
each layer characterized by an orthotropic, linear elastic constitutive behav-
ior. If damage is to be modeled using discrete models, the behavior of each
layer is considered linear elastic up to the point in which a failure criterion is
satisfied, a point after which the element loses its stress carrying capacity. Sev-
eral discrete damage models have been used as failure criteria for layered shell
elements representing a laminated composite [27,28]. The most used among
these are maximum stress or strain criteria, Hashin [29], Chang-Chang [30] and
Hou et al. [31], or modifications of those models [12]. Aforementioned models
usually involve differentiated damage parameters for one or more of the known
failure modes for laminates, such as fiber breaking in tension, fiber buckling in
compression, matrix cracking, fiber-matrix debonding or delamination of the
composites plies. The damage parameters, however, do not participate in the
constitutive model as an internal variable, hence their qualification of uncou-
pled models. If, on the other hand, damage is to be modeled using CDM type,
damage parameters for the different failure modes are considered as internal
variables of the whole constitutive behavior of the composite material, thus
modeling the coupling between strain and damage in a more or less progressive
way. In some cases, homogenization theory is used to represent the composite
material as an equivalent homogeneous material whose constitutive behavior
is orthotropic and nonlinear because of the damage coupling. Among these
models of the CDM type, it is possible to mention LaRC04 [32] and Martinez
et. al. [33,34]. As computing power has increased dramatically in recent years,
restrictions in mesh density have become less important. As a result, Finite
Element modeling of composite laminates using solid elements rather than a
single through-thickness layered shell element has turned into a possibility.

With this method, it is possible to assign failure criteria related to the fibers



and to the matrix of these layers of solid elements, while the interlaminar
debonding could be modeled using either cohesive elements or cohesive in-
teractions between surfaces. In the present work, such modeling approach is
used to model the impact of small metallic projectiles against a planar CFRP

laminate.

The objective of this work is to develop a numerical methodology capable to
predict the damage caused by the high velocity impact of a projectile on an
unidirectional carbon/epoxy laminate. In order to validate the model, exper-
imental tests were accomplished in a wide range of impact velocities; both
residual velocity in case of perforation and damaged area were used to val-
idate the proposed methodology. Finally, an analysis of the influence of the
projectile sphere radius is performed; the results obtained are explained by

means of a simple analytical model.

2 Numerical model

The numerical methodology that is going to be presented in the following
sections has been implemented using the commercial explicit finite element

software LS-DYNA v.R7.

2.1 Material modeling

In this section the material modelling for both the projectile and the laminate
is presented. The projectile used in the experiments (that are going to be
presented later) was made of tempered steel, and due to its strength no plastic

deformation has been observed after the impacts. For this reason a linear



elastic behavior was chosen for the simulations, with the following properties:

E =210 GPa, v = 0.3 and p = 7850 kg/m?>.

The carbon/epoxy unidirectional plies have been modelled using an orthotropic
linear elastic behavior until failure, which was modelled using the Chang-
Chang [30] criteria; this model adequately predicts the different damage mech-
anisms that appear intra-laminar. To model the interaction between the lam-
inas, a cohesive interaction approach has been used to take into account the
inter-laminar behaviour. This mix-model between material model and cohesive
interaction (available in the LS-DYNA library) has been used previously by
others authors [35-37]. Following, the different failure modes and the cohesive

interaction is described.

2.1.1 Intra-laminar failure

The plies behave as an orthotropic elastic material (table 1 shows the elastic
properties) until failure; to model it, four different stress based damage criteria
are defined, which represents tension and compression failures for the fiber and

the matrix. A detailed explanation of the mechanisms is presented:

e Fiber failure under tension: this damage mechanism follows the equation:

2 2
2 (0O 11> <U 12>

e, == tal=—) —1 1

f (Xt Si2 (1)

where 0;; are the stress tensor components, and X; and S are the strengths

of the composite laminate in tension (in the fiber direction) and under

in-plane shear respectively. The parameter a allows to calibrate the shear

stress interaction, in order to not overestimate its contribution as the Hashin

criterion does (it assumes o = 1); the parameter must be less than 1 and



positive.

e Fiber failure under compression: in this case the equation is:

2
2 011
6f,c <Xc) ( )

where X, is the strength of the laminate in the fiber direction under com-
pression.
e Matrix failure under tension: the equation related to this damage mechanism
is:
2 2
= (5) + (5) 1 ®
where Y; is the laminate strength under tension in the direction perpendic-

ular to the fibers.

e Matrix failure under compression: its corresponding equation is:

2 2 2 2
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When the parameter associated with each failure criteria (eij eq. 1, 2, 3, 4)

reaches the value of zero, the stiffness of the element is reduced in the cor-
responding direction keeping constant the associated stress component. This
behavior is based on the theory and experimental results of Hahn and Tsai
[38]. Finally when the critical failure strain is reached the element is removed

from the simulation.

2.1.2  Inter-laminar failure

The inter-laminar failure or delamination plays a minor role in energy absorp-
tion mechanisms when subjected to high velocities impacts, but a significant
role in the strength after impact of the laminate. In order to model it, a cohe-

sive interaction is used defined by a damage onset law and a damage evolution



p Eq Ey = B3 Gi2 Gaz = G31 V12

1580 kg/m?® 139 GPa 9 GPa 5 GPa 4.5 GPa  0.3089

Xc Xt ch Y;f Sc «

1656 MPa 2105 MPa 175 MPa 79 MPa 114 MPa 0.04

€1 €2 = €3 €12 = €23 = €31 Ef

0.025 0.03 0.1 0.1

Table 1
Properties of tape carbon/epoxi laminate provided by the composite manufacturer.
law. As it can be seen in Eqs. 5 and 6, both laws are expressed in terms of

traction and separation (¢).

The relative displacement 6, = \/67 + 67, between the surfaces is determined
as a function of the displacement in mode I (6; = d3) and II (6;; = (/6% + 63).
When the relative displacement is equal to the mixed mode damage onset

displacement (§°, expressed as eq. 5) the maximum traction is reached.

TS 1+~2

60 = Er E 5 2 T 2 (5)
TR () (8)

In this equation 7" and S are the peak traction in normal and tangential

direction, respectively; Ey and Ep are the stiffnesses in normal and tangential

direction, respectively; and [ is the ratio between displacement in mode II and

I (ﬁ = 5[]/5]).

The damage evolution law is a power law based on energies, in which the

ultimate displacement (6') is defined as:



1 Gpa/mm 50 MPa 56 MPa 1.45 250 J/m? 750 J/m?

Table 2

Parameters for the cohesive interaction.

¢ 20+8)° [ Ex\"  (Er-p? A
o= 50 [(Gm) +< Gric ) ] ©)

where G ;o and Gpjc are the energy release rates for mode I and II, and p is
the power law parameter. The properties that have been used are shown in

table 2.

2.2  Finite element model

The composite tape laminate used in the experiments (that will be presented
in the next section) consist of 12 unidirectional carbon/epoxy plies, that were
modelled by 3D solid hexahedral elements with hourglass control and reduced
integration. In through thickness direction, one element per layer is chosen,
to capture faithfully the three-dimensional stress state generated in the lam-
inate due to the perpendicular impact. As it was said before, inter-laminar
failure is modelled by means of a cohesive interaction which was inserted be-
tween every layer. Finally, 270.000 elements are used for the laminate and 11
cohesive interactions. To model the projectile 875, 3D solid hexahedral ele-
ments with hourglass control and reduced integration are used. To reproduce
the experimental boundary conditions, the external edge of the laminates was

pinned.
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Fig. 1. Lagrangian mesh model and detail of the laminate thickness.

3 Model validation

3.1 Ezperimental procedure

Experimental test were accomplished to validate the numerical model pro-
posed in this work. The impacted laminates were manufactured from prepregs
made by Hexcel Composites, using AS4 carbon fiber and 8552 epoxy ma-
trix; the ply sequence was (+45/-45/0/90/90/0)s, which leads to a 2.4 mm
thickness. The plates manufactured have been cut to obtain 110 x 110 mm?
specimens; this size is large enough to avoid that the damage induced during
the impact reaches the laminate contour. A steel sphere of 7.5 mm of diame-
ter has been used as projectile; its hardness was high enough to assure that
no plastic deformation appears during the penetration. The projectiles were
accelerated using a pneumatic launcher device which uses helium as impeller.

Tests were performed in a wide range of impact velocities from 60 to 500 m/s.

Two variables were selected to validate the numerical model, the residual
velocity of the projectile in case of penetration and the damaged area. The

first one was measured by means of a high speed video camera, which was set



to obtain 36000 images per second. The second one was quantified using the
ultrasonic C-Scan technique, which allows to accurately measure the projected

damaged area in the impacted laminate.

3.2 Correlation between numerical and experimental results

In order to validate the numerical model implemented in this work, the nu-
merical simulations have been compared with the experimental tests. As afore-
mentioned two validation variables are used, the projectile residual velocity
and the laminate delaminated area. In Fig. 2, it is represented the numerical
and experimental residual velocity against the impact velocity. It is observed
how the numerical model reproduces faithfully the energy lost by the projec-
tile. In addition, the numerical model predicts accurately the ballistic limit,

which is approximately 120 m/s.

500 o—o Experimental

o--0 Numerical

400

300

200

Residual velocity [m/s]

100

0

0 100 200 300 400 500

Impact velocity [m/s]
Fig. 2. Residual velocity vs. impact velocity for experimental and numerical impacts.

Fig. 3, compares the numerical and the experimental delaminated area. Al-

though some differences are observed, the numerical model and the experimen-

10



tal test show the same trend. At low velocities the delaminated area grows as
the impact velocity increases; this behavior changes when the impact velocity
reaches approximately 150 m/s, slightly above the ballistic limit. Above this
value the delaminated area diminishes tending asymptotically to a value which
corresponds to the projected area of the projectile. Similar results were found

in previous works for woven laminates [12,16].
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Fig. 3. Damaged area vs. impact velocity for experimental and numerical impacts.

Fig. 4 shows the comparison between the C-Scan images and the damaged
area representations obtained in the numerical simulations; it is clear that not
only the values of the area are similar, but also the shape of the projected

delaminated area.

4 Analysis of the influence of the projectile radius

Once the numerical model has been validated, it is possible to use the method-
ology just described to analyze the influence of the projectile diameter. To this

end numerical simulations of high velocity impacts of projectiles with diame-

11
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Fig. 4. Delaminated area for numerical simulations and experimental C-SCAN in-

spections

ters of 5, 10 and 12.5 mm (radius of 2.5, 5 and 6.25 mm) where accomplished.
The laminate characteristics were kept the same as the aforementioned. Fig.
5 shows curves of residual velocity vs. impact velocity for the four diameters
analyzed; it is clear from the results that for a given impact velocity, as soon

as the radius increases the residual velocity increases also.

This result is not obvious, since there is a competition between two effects.
By one side when the projectile diameter increases, the mass also increases
(it is oc %), promoting a higher penetration capacity; by the other, when the

projectile diameter increases the frontal area increases (it is oc 7?) diminishing

12
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Fig. 5. Residual velocity vs. impact velocity for different projectile radius.

the penetration capacity.

In order to understand the result obtained a simple balance of energy is going
to be used. In this balance it is assumed that the loss of kinetic energy of
the projectile Ej, is absorbed by the laminate through two mechanisms, plug
formation £, and linear momentum transfer Ej,,; other mechanisms such de-
lamination and elastic deformation could be neglected as first approach [10,14].

Each term of the energy balance could be analyzed:

e lo0ss of kinetic energy of the projectile: this term can be expressed as 1/2m,, (v} —

where m,, is the projectile mass (4/3 7 r® p, being r the radius and p; the
density of the steel), v; the impact velocity and v, the residual velocity.

e plug formation: in order to estimate this term it is assumed that the force
needed to form the plug is equal to the through thickness shear strength 7;
multiplied by the area involved 277 h; then to obtain the energy associated,
the force is multiplied by the laminate thickness h.

e [linear momentum transfer: it is considered that the plug formed during the

penetration is accelerated from the rest to the residual projectile velocity

()

2
r

)

13



[10]; the corresponding equation is 0.5m; v2 where m, is the detached lami-
nate which could be approximated as wr2hp; being h the laminate thickness

and p; the laminate density.

The expression of the energy balance Ej, = Ej,, + E, could be finally written

as follows:

1 /4 1
§(§7rr3ps>(”3—v3)25“2hmv3+2ﬂh2ﬁ (7)

Rearranging terms, the residual velocity could be expressed as:

(8)

472 p,v2 —12h2 7
v, =
3rhp + 412 ps

In this expression it is easy to determine that keeping constant all the param-
eters, as r increases the residual velocity increases also. Finally, in order to
obtain the ballistic limit the residual velocity is set to zero and the following
equation is obtained:

3h27'l

2
T Ps

Vb = (9)
This simple equation shows that the relation between the ballistic limit and
the projectile radius is vy o< 1/r, which means that as the radius r increases,
the ballistic limit decreases vy, and hence the penetration capacity grows.
The increment of the mass with the radius has reveled to be more relevant
than the distribution of the impact force along a wider area. Substituting the
adequate values (h = 2.4 mm, 7, = 100 MPa and p, = 7850 kg/m?) it is
possible to obtain the ballistic limit for the analyzed projectile radius. Fig. 6
shows a comparison between the numerical and the analytical ballistic limits

as function of the projectile radius; it is clear that the simple model reproduce

14



accurately the values and hence is an adequate way to explain the influence

of the projectile radius.

200 &0 Analytical
o ﬁ_\__ 0--0 Numerical
= 17H
= = IS
£ 150
2 - \\

@ - ‘8;--\_\____.
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2.50 3.75 5.00 6.25

Projectile radius [mm]

Fig. 6. Ballistic limit vs. projectile diameter.

5 Conclusions

In this work a numerical methodology has been proposed to predict the be-
haviour of unidirectional composite plates when impacted at high velocity by
a steel sphere projectile. Once validated, the model has been used to analyze
the influence of the sphere radius, and in addition a simple model has been

proposed to explain the result obtained. The main conclusions are:

e To adequately model the behavior of composite laminates subjected to high
velocity impacts it is necessary to use three dimensional models with one
cohesive interaction for each inter ply. Other simplifications lead to a non
adequate model of the damages that appear during the impact process.

e The projectile sphere radius affects significatively the impact process and

hence the residual velocity. For a given impact velocity as the radius in-



creases the residual velocity increases also.

e A simple analytical model, that uses an energy balance, has proven that
the ballistic limit is proportional to the inverse of the square root of the
projectile radius. The increment of mass due to the increment of radius

becomes more relevant than the increase of affected area.
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