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analysis of the ballistic impact
response of ceramic/composite
targets and the influence of
cohesive material parameters

Ibrahim Goda ® and Jérémie Girardot

Abstract

Hybrid ceramic/composite targets are acknowledged to provide effective impact protection against
armor piercing projectiles, which is why the research on this topic is continuously developing further.
In this work, a nonlinear dynamic finite element (FE) simulation method is developed to systematically
explore the ballistic perforation behaviors of hybrid ceramic/woven-fabric reinforced polymer (VWWFRP)
composite when impacted by a non-deformable projectile. The hybrid system is composed by an alumina
ceramic plate forming the front surface and glass or carbon WFRP composite back-up plate. The sim-
ulations are carried out using ABAQUS/Explicit FE code, wherein three different constitutive material
models are formulated and implemented. The Johnson—Holmquist and composite damage models are
used for alumina and composite material behaviors, respectively. The brittle fracture and fragmentation of
the ceramic plate and the failure criteria based on fracture of fibers or matrices of composite materials
during perforation are considered. Besides, interlaminar delamination between composite plies as well as
ceramic/composite interfacial decohesion are modeled using a cohesive surface method, and the behav-
iors of interlayer degradation and failure are described using a traction-separation law. The accuracy of
the developed model is validated with available experimental and analytical results. What’s more, the
perforation process against the projectile and the ballistic mechanism of each layer in the composite
backplate and in the ceramic as well are profoundly explored. Meanwhile, the numerical simulations are
used to evaluate the changes of energy of the projectile and ceramic/composite panels. The influence of
key parameters, such as interface cohesive properties and friction, on the ballistic performance in terms
of energy absorption capability is additionally addressed. For the preliminary and early design phase, the
present dynamic model could provide an efficient approach for numerical predictions of ballistic impact
responses of the hybrid ceramic/FRP composites.
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Introduction

Fiber reinforced polymer (FRP) composite materials are widely employed in a variety of commer-
cial and military applications such as automotive, protective armors, aerospace and marine engi-
neering (Bai and Jin, 2016; Bondrya et al., 2015; Goda et al., 2019). The necessity of these materials
has been increased due to their advantages of high stiffness-to-weight and high strength-to-weight
ratios, corrosion resistance, impact resistance and energy absorption capacities (Park and Seo, 2012;
Wang et al., 2016). Particularly, in areas that are prone to impact damage, the use of composite
materials requires special attention. More specifically, the knowledge of impact dynamic behavior
of the composite materials and their damage resistance is substantial in order to optimize the
structure regarding its impact resistance. Based on the energy transfer between the projectile and
target, energy dissipation and damage propagation mechanisms, the impact load with respect to
velocity can be broadly categorized into four classifications: low-velocity, high-velocity, ballistic-
velocity, and hyper-velocity impacts (Safri et al., 2018). Overall, according to the literature, the
impact events may be simplified by grouping them into two distinct cases, namely, low-velocity
impact by a large mass and high-velocity impact by a small mass. The second case is the one of
interest in this work.

One of the weak points of FRP composite panels is their vulnerability against armor piercing
projectiles (Liu et al., 2015). To overcome such problem, hard faced panels with a laminated com-
posite backing are commonly used. Indeed, with the requirements of more efficient lightweight
armor systems, the nonmetallic materials of ceramics are commonly used in combination with
laminate composites for ballistic protection of civilian and military equipment, where the mobility
is essential (Rahbek and Johnsen, 2019; Zaera, 2011). Hybrid armors made of a ceramic front plate
and a back laminated composite plate, scem to form a very efficient shield against ballistic impact,
since they combine low density, high hardness, high rigidity and high inherent compressive strength
of ceramic with the lightweight and ductility of composite laminates. Alumina (Al,O3), Boron
Carbide (B4C), Silicon Carbide (SiC) and Aluminum nitride (AIN) are the most widely employed
ceramic materials in the ballistic armor systems (Garcia-Avila et al., 2015; Jena et al., 2010). With
respect to the back laminate layers, composite laminates based on kevlar, glass, polyethylene, and
carbon fiber materials arranged in unidirectional or woven textiles within a polymer thermoset or
thermoplastic, are the most widely used in these applications (Bandaru and Ahmad, 2013; Bandaru
et al., 2015; Kulkarni et al., 2013; Naik and Shrirao, 2004; Pandya et al., 2013; Silva et al., 2005;
Tham et al., 2008; Walsh et al., 2005; Yen, 2012).

When a projectile impacts onto ceramic/composite, the front ceramic plate first helps erode and
blunt the projectile tip and the reflected tensile wave breaks the ceramic in a brittle manner. Then,
the backing composite plate deforms to absorb the remaining kinetic energy of the decelerated
projectile, and simultaneously holds the ceramic and projectile fragments to prevent them from
causing further damage (Krishnan et al., 2010; Signetti and Pugno, 2014). Broadly, ceramic materi-
als play a major role in impact resistance due to their high strength and hardness properties as
reported in Krell and Strassburger (2008). The possible damages that may occur in ceramic tiles
under ballistic impact are mainly in the forms of tensile failure, transverse cracking, shear plugging



and pulverization (Shanazari et al., 2017). When reaching the composite layer, it passes also into a
very complex ballistic penetration mechanisms. Generally, the ballistic impact response of laminat-
ed composites is a challenging problem, and it has attracted the attention of a number of research-
ers. For example, in Naik and Shrirao (2004), Bandaru and Ahmad (2013), Yen (2012), Silva et al.
(2005), Tham et al. (2008), Kulkarni et al. (2013), Walsh et al., 2005, and Naik and Doshi (2004), the
ballistic impact response of both thermoset and thermoplastic composite laminates, are investigated
through experiments, numerical simulations, and analytical models. After a thorough literature
review, it is found that the most of published studies on impact of FRP composite materials are
in fact based on low velocity impact events with relatively high masses and low impact velocities
(Heimba et al., 2009; Hongkarnjanakul et al., 2013; Kursun and Senel, 2013; Li et al., 2019; Liao
and Jia, 2018; Lopes et al., 2009; Mikkor et al., 2006; Mitrevski et al., 2006; Schoeppner and Abrate,
2000; Tan et al., 2015; Tita et al., 2008). On the other hand, there are not so many researches as
compared to that of low-velocity impact, on the high-velocity impact behavior of FRP composites
(Higuchi et al., 2017; Lopez-Puente et al., 2007; Pernas-Sanchez et al., 2014; Schwab et al., 2018;
Yamada et al., 2011). Besides, the main characteristic that influences the impact in composite
materials is the fracture toughness of the resin system; the improvement in the matrix fracture
toughness results in raising the resistance of the composite to the onset of interlaminar delamination
induced by matrix cracking (Andrew et al., 2019).

Designing of such hybrid ceramic/composite targets based solely on the experimental data
requires massive materials and manpower, which can be time consuming and uneconomical.
Therefore, the need for developing accurate predictive simulation tools becomes more crucial.
More particularly, since the ballistic ceramic/composite materials pass into a very complex ballistic
penetration mechanisms when impacted with high velocity projectiles, they indeed need a complete
and quantitative analysis for a better understanding. For such a need, the adoption of numerical
modeling approaches would allow to derive and understand the constitute relation, and understand
of the influence of each considered parameter and simulate the overall ballistic materials behavior in
response to ballistic impact, leading ultimately to an effective design for enhanced ballistic resistant
target. Although there are numerous studies on the ballistic impact behavior of composite, ceramic,
and ceramic/metal targets (e.g. Sastry et al., 2014; Serjouei et al., 2015; Yossifon et al., 2002; Zhang
and Li, 2010; Zinszner et al., 2015), only a few studies reported on the ballistic impact performance
of the ceramic/composite targets (Benloulo and Sanchez-Galvez, 1998; Fawaz et al., 2004; Feli et al.,
2011; Naik et al., 2013; Shokrieh and Javadpour, 2008; Talib et al., 2012; Tasdemirci et al., 2012).
Benloulo and Sanchez-Galvez (1998) developed an analytical model to simulate the ballistic per-
formance of ceramic/composite armors, wherein the back plate of the armor is made of polymer
composite material. Also, Naik et al. (2013) presented an analytical model for the ballistic impact
behavior of ceramic/composite targets; this model is based on wave theory and energy balance
between the kinetic energy of the projectile and the energy absorbed by the target. Feli et al.
(2011) also formulated an analytical model for the perforation of ceramic/multi-layer woven
fabric targets by blunt projectiles. Talib et al. (2012) studied the effect of high velocity ballistic
impact on woven fiber Kevlar-29 and Al203 powder/epoxy composites both theoretically and
experimentally. Shokrieh and Javadpour (2008) modeled the B4C/Kevlar 49 fiber epoxy composite
armor to investigate the penetration of a projectile under oblique and normal impact conditions.
Tasdemirci et al. (2012) investigated experimentally and numerically the effects of various interlayer
materials on the ballistic performance of Ceramic/S2-Glass-SC 15 epoxy composite armor. Fawaz
et al. (2004) developed three-dimensional finite element models to investigate the performance of
ceramic/composite armors when subjected to normal and oblique penetrating projectiles. Even
though there are typical studies on ballistic impact behavior of ceramic/composite targets, it can



be seen that in most of the published studies, the damage and energy absorbing mechanisms of
the composite backplates undergoing ballistic impact and penetration have not yet been
clearly addressed.

The main objective and contribution of the present work is thus to provide a fully three-
dimensional nonlinear dynamical FE model for ballistic impact simulations of hybrid ceramic/
woven-fabric laminate composite targets with a non-intrusive approach, i.e. using user defined
material models within the FEM package ABAQUS/Explicit. In this way, a theoretical framework
and numerical scheme, based on the combination of strain rate and pressure dependent Johnson—
Holmquist plasticity damage model for the ceramic layer, damage initiation criteria and damage
evolution law based on elastic damage and plastic deformation theories for laminated composite,
and surface-based cohesive zone model using traction-separation based constitutive law for the
interfacial debonding between adjacent layers, all together are set up to comprehensively investigate
the ballistic penetration behaviors and evaluate the energy absorption capability of the a two-plated
structure of ceramic and composite materials. The proposed developments are first validated with
available experimental and analytical results before they are used in numerical simulations and
parametric analyses.

Through numerical analysis for the proposed ceramic material type and proposed composite
lamination schemes, significant insights into perforation resistance mechanism, energy dissipation
mechanism and stress distribution are gained. This study focuses on these trends in order to evaluate
the influence of failure mechanism of ceramic/composite panels on the energy absorption of the
projectile, thereby the dissipated energy can be maximized. Concomitantly, we perform numerical
simulations to evaluate the impact force and residual velocity of projectile versus time at different
ballistic impact energies. For further understand the damage behaviors within the composite lam-
inate, the projected areas of intraply damage due to fiber tension, fiber compression and matrix
shear as well as the projected interlaminar delamination area are thoroughly examined. We finally
further investigate influence of key parameters such as interfacial cohesive properties and friction
coefficients on the ballistic performance of the hybrid ceramic/composite materials.

Constitutive relations and failure models

In this study, the Johnson—-Holmquist brittle material model is used for modeling ceramic plate
on the front side of the target. Whereas, composite damage material model is used for modeling
composite laminates on the backside of the target. In addition, cohesive zone model is employed to
describe the interlaminar damage between layers within the laminate and debonding
behavior between the ceramic and composite. The constitutive equations of these models are
exposed in the sequel.

Johnson—Holmquist model of the ceramic

The Johnson-Holmquist material model (JH-2) is a constitutive model suitable for predicting the
behavior of brittle materials subjected to extreme loading conditions (Johnson and Holmquist,
1994). The JH-2 model is commonly used to describe the behavior of ceramics under ballistic
impact that are subjected to loading conditions that involve high strain rates, high pressures and
large deformations. The JH-2 model consists of three principle components: a representation of the
intact and fractured strength in the form of a pressure-dependent yield surface, a damage model that
transitions the ceramic material from the intact state to a fractured state, and an equation of state
(EOS) for the pressure-volume relationship that can include dilation (or bulking) effects.



Regarding the first part of the model, the strength of the ceramic material is expressed in terms of
the normalized von Mises equivalent stress, g, as

0" =0} — D(a; — ay) (1)

where o} is the normalized intact equivalent stress, o} is the normalized fractured equivalent stress,

and D is the damage variable varying between 0 and 1. For the intact (undamaged) state, D =0,

whereas for a fully damaged state D =1. Note that the normalized equivalent stresses in the pre-

vious equation (¢*, ¢} and G}) have the general form ¢* = 6/6yg., Where o is the actual von Mises

equivalent stress and oyg; is the equivalent stress at the Hugoniot elastic limit (HEL). The actual
equivalent stress is calculated by the formula of von Mises stress as follows

R L A R R B S (2)

where ¢, ¢, and ¢ are the normal stresses, 1,,, T, and 7. are the shear stresses.
The normalized intact and fractured equivalent stresses can be respectively expressed as functions
of the pressure and strain rate as following

of = A(P" + T*)N(l + Ciné*) represents the undamaged behavior (3)

o = B(P)M(1 + Cini®) < o/ represents the damage behavior 4)

where A, B, C, M, N and oyg. are all material parameters. P*:P/PHEL refers to the normalized
pressure where P is the actual pressure and Py is the pressure at the HEL. T*:T/PHEL stands for
the normalized maximum tensile hydrostatic pressure, in which 7 is the maximum hydrostatic
tensile pressure that the ceramic material can withstand. £¢* = £/, and o refer respectively to
the normalized strain rate and maximum normalized fracture strength (ultimate value of 017), with &
the actual equivalent strain rate and € is the reference strain rate (typically set to 1.0s™ )

In Figure 1, we provide a schematic diagram of the JH-2 strength model that describes the
material strength curve on three sides: the intact, damaged, and fractured state. As depicted in
Figure 1, each state has its own strength equation which illustrates the relation of normalized
equivalent stress versus normalized pressure.

Regarding the evolution/accumulation of damage D, it is formed as the incrementally increasing
function

A&l
D= Z—s represents the accumulated damage ®)
&

The term Ae? refers to the increment in equivalent plastic strain during a cycle of integration and
s‘f’ stands for the equivalent plastic strain required to cause fracture of the ceramic material at a
constant pressure. The expression for s—:/’i is given as follows

& =Dy(P"+T)” (6)

where D; and D, are the damage constants for 8;3-.
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Figure I. A schematic representation of the JH-2 strength model.

The model considers that the damage variable increases gradually with plastic deformation;
D =1, the material fails immediately, and D =0 the material preserves its intact strength.

Within the JH-2 model, the polynomial EOS presents the relationship between hydrostatic pres-
sure, P and volumetric strain, u. The hydrostatic pressure in undamaged material (D = 0) is given by
the following equation

P=Kiu+ Ky> + Ky, >0 (hydrostatic compression) (7)
and for tensile pressure, it is followed by this equation
P=Ku, p<0 (hydrostatic tension) 8)

where u is defined as p = p/py — 1 = V/V — 1, therein p and V are the current density and volume,
and p, and V, are the reference or initial density and volume, respectively. K is the initial bulk
modulus, K, and K3 are the equation-of-state coefficients.

After damage begins to accumulate (D > 0), bulking can occur and equation (7) shall be modified
to include the effect of bulking. The modified polynomial EOS includes the effects of dilation or
bulking that occur when brittle materials fail by including an additional incremental pressure, AP, is
then given by

P=Ku+ Ky +KypP+AP (0<D<1), u>0 )

The bulking induced pressure increment, AP, is determined from energy considerations and it
varies from AP = 0 at D = 0 to AP= AP, at D=1. The decrease in strength when the material
goes from an intact state to a failed state produces a decrease in the deviatoric elastic energy, AU.
This loss of elastic energy is converted to an increase in potential hydrostatic energy by incremen-
tally increasing AP according to

AP n = —Kippn + \/(Klﬂz+Ar + AP,)? +2BK AU (10)



The parameter f is the fraction of the deviatoric elastic energy loss converted to potential hydro-
static energy (0 < 8 < 1). For further details about the model formulation, the reader is referred to
Johnson and Holmquist (1994).

Fabric reinforced composites constitutive model

This subsection is dedicated to describe the constitutive model used for simulating the fabric
reinforced back laminate layers. Each ply in the composite laminate is modeled as a homogeneous
orthotropic elastic or elastic-plastic material with the capability to sustain progressive stiffness
degradation due to fiber/matrix cracking, and plastic deformation under shear loading.
Thereupon, the present model includes an elastic damage model in the fiber directions along with
an elastic-plastic damaging model for inelastic shear effects. These different aspects will be expli-
cated in the sequel.

Elastic continuum damage mechanics. In a local coordinate system with the base vectors aligned with
the fiber directions, the constitutive stress-strain relations under plane stress conditions are formu-
lated. The elastic strain-stress relations for an orthotropic material coupled to damage then takes
the following form, expressed in terms of internal damage parameters (d;) as (Johnson, 2001)

1 —V12

0
(1 —d)E, Lil
én —1U7] a1
€22 O G20 11
{g%z} £ (1-dh)Ey {mz} (b
—— 0 0 1 T
‘ (1 —d2)2G»

where ¢ and o are the elastic strain and stress tensors; they are written in vector format as
{en en s, }Tand {on on on }T, respectively. Since the plastic deformation is considered
in shear, therefore, the superscript “e” is used to represent the elastic deformation. £ and E, are the
Young’s moduli in the principal orthotropic directions, v, and v,; are the principal Poisson’s
ratios, and G, is the in-plane shear modulus. d; and d, are damage variables associated with the
fiber fracture along the principal orthotropic directions 1 and 2, respectively, and d;, is the damage
variable associated with the matrix damage (or micro-cracking) due to the shear deformation.
The damage parameters vary between 0 (undamaged state) and 1 (fully damage state) and represent
stiffness matrix degradation caused by different loading conditions due to micro-damage in the
material.

Note that the failure in the principal directions 1 and 2 are fiber dominated and can occur either
in tension or compression, while in shear, damage is considered matrix dominated, as will be
described subsequently.

Fiber damage model. In this model, the tensile and compressive fiber failure modes are distinguished.
The model tracks damage caused by tension loads separately from damage caused by compression
loads. Accordingly, the corresponding damage variables (d;) associated with longitudinal and trans-
verse damage are defined based on the stress state in the fiber directions 1 and 2 as follows

{on) (—on)

o] lo11]

(022) ) (—02)
lo2| o]

dy =di4 +di- sdh = day (12)



where d;, and d;_ are the tensile and compressive damage variables of the fibers in the ith directions
(i=1,2), respectively. (x) refers to the McCauley operator, defined as (x) = (x + x)/2. Here and
thereafter, the subscript “14, 1—, 24, 2—""is used to denote tensile (+) or compressive (—) failure in
the 1 and 2 directions.

The material behavior along fiber directions is characterized by damaged elasticity. Thereby, the
fiber damage variables are considered to evolve as a function of the corresponding effective (undam-
aged) normal stress in the following forms

diy = d1+(31+), d-=d (01.), dy=dy <3z+)> dro = dr_(05) (13)
where 6, and 6, (i=1,2) are the effective tensile and compressive stresses, defined as

~  (on) ~  (=on) ~ (om) ~  (—on)
T Uan T O—d Ty T 0may Y

At any given time, the elastic domain where the material may be elastic damaging, is defined in
terms of the damage activation functions, F;, associated with damage in the fiber direction-1 (i=1+)
and fiber direction-2 (i=2+) as follows

Fiy =¢i — 24 <0, F=¢._ —4- <0 (15)

In equation (15), the damage state is characterized by the loading functions ¢,,, ¢,_(i=1, 2) for
different failure mechanisms. These functions provide four criteria for describing the initiation of
fiber failure in directions 1 and 2, and are given by

~ ~

(gras
¢i+ :ﬁ, d)F =

(16)

where ¢, and ¢, (i=1, 2) represent the tensile and compressive damage modes along fiber
directions 1 and 2, respectively. X;, and X;_ (i=1, 2) refer to the tensile and compressive strengths,
respectively, for uniaxial loading along the fiber directions 1 and 2.

J;y and A; in equation (15) are the tensile and compressive damage thresholds, respectively.
Material damage is activated when the value of ¢; reaches the damage threshold A; (i=1%, 2+).
The damage thresholds A; take an initial value of unity when the material is undamaged. After
damage initiation, i.e., when ¢, = 1 or/and $,_ =1 (i=1, 2), they increase with damage evolution
according to

2 (1) = max ¢, (v), 2 (1) = max ¢;_(v) (17)

This definition ensures that the damage thresholds for each loading condition are non-decreasing
quantities, such that A;(#)>0 (i= 1+, 2+). Besides, the evolution of the damage threshold values is
assumed to fulfill the Kuhn-Tucker complementary conditions (F; < 0, A;F; = 0)) and the consis-
tency condition (A;F; = 0) (Maimi et al., 2006).

Once the damage initiation criterion is met, then further damage progression can be developed.
The way by which the damage will progress depends on the level of the stress caused by the strain



increment. Since damage is irreversible, the damage evolution rate shall satisfy the following con-
dition: d; > 0. The exponential damage evolution law is adopted for each damage variable d;
(=14, 2+) and expressed in the following form (Maimi et al., 2006)

—2¢bL. .
Xp | = (i = 1) (18)
Gy — 8oL

1
d,;zl—ze

where g} is the elastic strain energy density (elastic energy per unit volume) at the point of damage
initiation expressed as g = X7/2E;, L, is the characteristic element size, and G} is the fracture
energy per unit area under uniaxial tensile or compressive loading.

It shall be noticed that the above formulation of the damage evolution model ensures that the
damage parameters are monotonically increasing quantities, such that d; > 0. Also the model
ensures that when the lamina is subjected to uniaxial loading conditions along the fiber directions
1 and 2, the right amount of energy will be dissipated during the material fracture regardless of the
element size (Johnson and Simon, 1999). This is achieved through incorporating the characteristic
element length L. in the damage evolution formulation, where imposing a restriction on the max-
imum element size L. < Lpax = G;}/ g{) leads to accurate capture of the correct amount of energy
dissipation during fracture.

Combined elastoplastic shear damage model. The fabric ply constitutive model presented in the previous
subsections is adopted for an elastic damaging material, which is appropriate for fiber dominated
failure modes that involve tensile and compressive loadings along fiber directions. Herein, a coupled
elastoplastic damage constitutive model suitable for predicting the damage initiation and post-
failure behavior of fabric composite materials that exhibit irreversible strains caused by plasticity
effects under shear loading is established.

Within that scope, the matrix damage response under shear loading will include stiffness degra-
dation due to matrix microcracking as well as plastic deformation (Phadnis et al., 2013). Therefore,
the shear strain is presented as a sum of the elastic and plastic shear strain parts ¢ and ¢ as follows

& = 861’2 + 8,1)2 (19)

From equations (11) and (19), the effective shear stress is expressed in terms of elastic or plastic
shear strain as follows

~ o
Gl = 12— 2G5, = 2G1a (e — &) (20)
(1 —d)

The plastic deformation is considered to occur in the undamaged area of the damaged composite.
According to this, the yield criterion, the hardening law and plastic flow rule are expressed in terms
of effective shear stress 61, and equivalent plastic strain due to shear deformation &”.

In effective stress space, the plastic yield function, F, is expressed as follows

|o12] — 60(8”) <0 (1)

The hardening function &,(g”) is taken to be in the following form

a0(&") = a,0 + C(&") (22)



where (Nsyo is the initial effective shear yield stress, C and y are material constants. The associated
plastic flow rule, the plastic strain rate &”, is expressed as

) ., OF . ~
511)2 = — = Epsign(alg) (23)
da1a

In the same manner as for tensile and compressive fiber damage, the damage activation function
under shear load takes the following form

Fro=¢p,p—4n2<0 (24)

where the function ¢, is introduced to provide a criterion for initiation of shear damage of the
matrix, which is expressed as follows

~

b1 = (25)

Siy

with S|, the material shear strength or rather the shear stress required for initiation of matrix
damage.

Shear damage development is initiated when the function ¢, reaches the damage threshold, i.e.,
®15 = A12. The initial damage threshold Aj, for matrix damage is set to one and increases with
increasing matrix damage in accordance with

faa(t) = max dys(v) (26)

Lastly, based on the works in Maimi et al. (2006) and Johnson and Simon (1999), it is considered
that the shear damage variable d;» increases with the logarithm of 4, until a maximum value of d;,
is attained. Therefore, the evolution of the shear damage variable is given by

d12 = min (otlzll’l()»lz),d[lnzax) (27)

with o, >0 shear damage parameter and 4j5™* < 1 the maximum shear damage.

Cohesive zone damage model

In the present study, we use the cohesive zone method (CZM) to model the delamination between
the layers of woven fabric laminates as well as the debonding between the ceramic plate and the
composite backing plate. The principle of this method is the cohesive behavior interaction of two
adjacent surfaces, where the contact between adhesive surfaces is defined as a surface interaction
property with a zero interface thickness. This method follows a traction-separation damage law, in
which the traction stress and separation displacement of the nodes on the surfaces are used to
determine the damage initiation and propagation at the interface. The main ingredients of the
underlying damage law are exposed below.



Damage initiation criterion. The mechanical behavior of the interface is modeled using a traction-
separation law which relates the displacement across the interface to the force vector acting on it.
In the absence of any damage, the interface behavior is assumed to be linear with high values of
initial interface stiffness (K;). Linear elastic traction-separation behavior relates normal and shear
stresses (¢;) to the normal and shear separation displacements (d;) across the interface before the
initiation of damage can therefore be described by the following constitutive relationship

ty K, 0 0776,
t=|tl=10 K 0] (28)
t, 0 0 K||o

To predict the onset and development of debonding at the interfaces, a quadratic nominal stress
criterion is used (Abaqus® 6.12 Analysis User’s Manual, 2014). According to this approach, the
damage is assumed to be initiated when the following quadratic interaction function satisfied

{t,) ’ ty \? t\?
(—’?>+<—‘?>+(f)=1 (29)
[”mdx t};ndx tgndx

where ¢; and £™* (i=n,s,t), are respectively, the nominal traction stresses and the corresponding
interfacial strengths in the normal n and shear s and ¢ directions. The Macaulay bracket (< >) in
equation (29) is used to indicate that a pure compressive stress state does not initiate damage at the
interface.

Energy-based damage evolution law. For surface-based cohesive behavior, damage evolution describes
the degradation of the cohesive stiffness once the initiation criterion is met. Damage evolution is
defined here based on the energy that is dissipated as a result of the damage process. An exponential
softening law is adopted to model the evolution of the damage variable from damage initiation to
final failure. Progression of damage at the interfaces is modeled using the critical mixed mode
energy behavior based on the Benzeggagh—Kenane fracture criterion; it is given by

GS + (G€ - GS) <ﬁ)” =G° (30)

where Gg = Gy+G,, Gr = G, +G,, the quantities G, G, and G¢ refer to the critical fracture
energies required to cause failure in the normal, first, and second shear directions, respectively.
G€ refers to the total critical mixed-mode fracture energy, and G,, G,, and G, represent the work
done by the normal and the first and the second shear forces acting in the interface, respectively, and
n is a cohesive property parameter.

Indeed, the simulation of ballistic impact behavior of hybrid ceramic/FRP composite materials is
a complicated aspect because of several reasons such as the anisotropic properties of composites, the
nonlinear material behavior, the complex damage mechanisms of both ceramic and composite
materials, and the interaction behavior between the adjacent surfaces. Consequently, a universal
numerical approach is required to be developed, so that the ballistic impact response of ceramic/
composite can be assessed by considering all of the above factors simultancously. The strategy of



modeling these issues in order to simulate the ballistic problem of ceramic/composite structure will
be explored in the subsequent section.

Numerical modeling strategy

In the present work, all computations are performed using the nonlinear FE code ABAQUS/
Explicit. Within this software, the ballistic impact problem formulated in terms of mass, momentum
and energy conservation differential equations along with the material constitutive relationships,
initial, boundary and interaction/contact conditions is solved numerically based on FE method. The
FE models developed in this work include the following components: the geometrical and materials
specifications, meshed model, element deletion strategy, initial and boundary conditions, and con-
tact interfaces and other kinematic constraints. A brief description of each of these elements is
provided in the sequel.

Geometrical and materials specifications

Full 3D FE models of projectile and ceramic/composite target used in the ballistic analysis are built
up using ABAQUS. A schematic of the test geometrical model is provided in Figure 2(a). The test

(a)

Rigid Projectile

Composite laminate

Adhesive layer at
ceramic/laminate
interface and between
composite laminae
madeled with cohesive
surfaces

Lamination:[45/-45/0/90/45/-45/0/90]

(b)

32 mm

4.8 mm 10 mm

z

Lx 150 mm

Figure 2. (a) Full 3D geometrical model and (b) 2D geometry information of projectile and ceramic/composite
target material used in the computational framework. Plies are highlighted with different colors.




structure used in the numerical simulations and parametric analyses in ‘Results and discussion’
section consists of a projectile having a cylindrical shape with a diameter of 16.5mm, a length of
32mm and a mass of 11 g, a strike-face plate of ceramic (150 mm x 100 mm x 10 mm), and a WFRP
composite backing laminate (150 mm x 100 mm x 4.8 mm), as shown in Figure 2(b).

The ceramic material used in this study is alumina with purity of 99.5%, for which the Johnson—
Holmquist (JH-2) constitutive relation and damage criterion exposed in ‘Constitutive relations and
failure models’ section are adopted. The associated material parameters for the JH-2 material
behavior are taken from (Rashed et al., 2016) and tabulated in Table 1.

In the ballistic analysis, two different materials of WFRP composite backing laminate are
employed, namely: carbon fiber fabric/epoxy and glass fabric/epoxy. The numerical implementation
of the constitutive model presented in ‘Constitutive relations and failure models’ section for these
materials requires the following material input parameters: the elastic material constants, damage
initiation and damage evolution coefficients, and shear plasticity coefficients.

The elastic material constants include the Young’s moduli in the fiber directions (E;, E,), the
Poisson’s ratio (v1,), and the shear modulus (G,). The damage initiation parameters are defined by
the tensile and compressive strengths along the fiber directions (X, X;_, X2, X>_) and the in-plane
shear stress at the onset of shear damage (S2). On the other hand, the damage evolution parameters
are obtained from the tensile and compressive fracture energies per unit area along the fiber
directions (G}*,G}’,G}*,Gl%*) and by the parameters o> and 4% (maximum shear damage)
given in equation (27). The shear plasticity coefficients include the initial effective shear yield
stress, ~G,0, and the coefficients C and y in the hardening function in equation (22). The material
properties adopted for modeling the damage and failure of carbon fabric/epoxy and glass fabric/
epoxy plies are given in Table 2 (Chen et al., 2018; Schwab et al., 2016; Schwab et al., 2018).

Table |I. Material parameters for 99.5% purity alumina used in Johnson—Holmquist model.

Parameter Value

Strength model

Elastic shear modulus, G (MPa) 1,35,000

Intact strength coefficient, A 0.989

Fracture strength coefficient, B 0.77

Strain rate coefficient, C 0

Fractured strength exponent, M |

Intact strength exponent, N 0.376

Reference strain rate, &g (s™') I

Maximum normalized fractured strength, o7 0.5

Hugoniot elastic limit, HEL (MPa) 5900

Pressure at Hugoniot elastic limit, Prg (MPa) 2200
Equation of state

Density, po (kg/m®) 3800

Elastic bulk modulus, K, (MPa) 2,00,000

Second pressure coefficient, K, (MPa) 0

Third pressure coefficient K3 (MPa) 0
Damage model

Damage coefficient, D, 0.0l

Damage exponent, D, I
Bulking factor, f8 |




Table 2. Material parameters defining the constitutive behavior of the carbon and glass fabric reinforced epoxy plies.

Parameter Glass fabric/epoxy Carbon fabric/epoxy
Density (kg/m®) 2100 1560
Elastic material constants
Young’s modulus along fiber direction I, E; (GPa) 24 56.813
Young’s modulus along fiber direction I, E; (GPa) 24 56.813
Poisson’s ratio, /|, 0.108 0.047
Shear modulus, G, (GPa) 4.8 4.206
Damage initiation parameters
Tensile strength along fiber direction I, X, (MPa) 410 802.11
Compressive strength along fiber direction I, X,_ (MPa) 660 707.88
Tensile strength along fiber direction 2, X, (MPa) 395 802.11
Compressive strength along fiber direction 2, X,_ (MPa) 490 707.88
Shear strength S, (MPa) 94 115.8
Damage evolution parameters
Tensile fracture energy along fiber direction I, Gf'+ (k)/m?) 65 449
Compressive fracture energy along fiber direction 1, G}‘ (k)/m?) 65 39.15
Tensile fracture energy along fiber direction 2, G?* (kJ/m?) 65 44.9
Compressive fracture energy along fiber direction 2, G%* (k)/m?) 65 39.15
Maximum shear damage, d}5> 1.0 1.0
Shear damage parameter, o), 0.18634 0.18634
Shear plasticity coefficients
Initial effective shear yield stress, Syo (MPa) 55 55
Hardening function coefficient, C 669.94 669.94
Hardening function exponent, 7y 0.823 0.823

Geometrical discretization and boundary conditions

For the implementation of the constitutive behavior of the considered materials, all of deformable
parts, including ceramic and composite laminate, are meshed with the reduced-integration linear 8-
node hexahedral elements (element type: C3D8R) and 8-node continuum shell elements (element
type: SC8R), respectively. Whereas, the projectile is considered as rigid body and is meshed with the
discrete rigid element (element type: R3D4).

For the targets on which the simulations and parametric investigation are performed, the ceramic
front plate is discretized using 76,800 elements of size (1.25 x 1.25 x 1.25 mm®) and composite back-
ing laminate with 1,53,600 elements of size (1.25 x 1.25 x 0.3 mm?). This mesh size is found to
achieve a good compromise between accuracy and computational efficiency. Specifically, further
refinement in the mesh size is found to have minor or no effects on the numerical values of the
results. Furthermore, the underlying composite laminate plate is composed of 16 plies, each one has
0.3 mm thickness and is characterized by a stacking sequence of [45/—45/0/90/45/—45/0/90],. Each of
the 16 fabric plies is individually meshed with continuum shell elements (SC8R). The elements of
each ply are regular and oriented according to the fiber orientation. This type of element has the
geometry of a 3D solid element, but its kinematic and constitutive behaviors are similar to those of
conventional shell elements. In fact, this element type allows for the accurate modeling of stacked
composite plies.

The simulation model developed for composite laminate is a more physical approach, closed to
the real build up lamination. All laminae are modeled and linked one by one with a zero thickness



cohesive surface. Although, this type of approach is more complex, mainly because the setup of the
model is not automated and all have been done manually, it does provide a precise representation of
the laminate layup in particular with respect to penalty contact interactions. A 3 D model is there-
fore constructed and the model includes both the whole stacking sequence of laminae and the
interfacial damage models presented previously.

For the boundary conditions in all ballistic impact simulations, the four borders of ceramic/
composite target are fully fixed to prevent rigid motion of the structure during the impact. The
corresponding boundary conditions are formulated as Ui=0 and URi=0 (i=1,2,3), which respec-
tively represent the translation and rotating degrees of freedom. Initial velocity is assigned to the
projectile to initiate the ballistic impact load. To prevent any rigid body modes, the movement of the
projectile is restricted along all directions except in the impact direction.

Element deletion scheme

Element deletion is important in ballistic impact simulations to prevent excessive distortion of the
elements, which can cause the simulation to terminate prematurely. Without an element removal
scheme, the elements will continue to deform until excessive distortion of fully damaged elements
cause instability in the model during explicit integration. Moreover, the element deletion criteria are
substantial for accurate computation of stress field and to ensure the correct simulation of the
kinematics of ballistic impact process from damage initiation to complete penetration. The element
removal criteria used in this work for ceramic and composite materials are similar to those used in
Liu et al. (2016) and Schwab and Pettermann (2016), respectively.

Within the JH-2 failure model of ceramic, fracture takes place when either damage reaches a
critical value of 1.0 or when negative pressure reaches a value of maximum tensile pressure of
330 MPa (Naik et al., 2013). Thus, the element deletions are set into the material model so that
the elements are deleted away or eliminated if an element satisfied the criterion. On the other hand,
within the composite failure models, damage based element deletion criterion is used along with
deformation based deletion criterion to eliminate the fully damaged elements. In the damage based
deletion criterion, the elements are deleted when any one tensile/compressive damage variable along
the fiber directions 1 and 2 reaches the maximum specified value, d; or d, =d,.x= 1. While, in
deformation based criterion, the elements are eliminated when the equivalent plastic strain due to
shear deformation attains a maximum specified value, e’ = €2, = 0.4. Therefore, the elements are
deleted when any damage or deformation parameter reaches the specified maximum value. In
addition, the composite and ceramic fragments produced during the simulation are deleted when
they move far away from the impacted zone.

Besides, it should be noted also that in this work the erosion or flattening of the projectile during
the perforation is neglected and the mass is maintained constant. This is why the projectile shape is
modeled as a cylindrical flat-ended.

Contact and interface properties

During the impact process, the contacts occur between projectile and ceramic, projectile and com-
posite, ceramic and composite, between individual plies of composite laminate, and between the
newly created fragmented surfaces (pieces). A general contact algorithm available in ABAQUS/
Explicit is therefore used to model all these contact scenarios in order to prevent element interpen-
etration. It is implemented using the penalty and “hard” contact formulation methods in the entire
interaction calculation. Since the contact surfaces normally transmit shear or normal forces, pre-
scribing a friction that defines the force in resisting contact surfaces is necessary. In our work the



friction coefficients are defined among all contact surfaces of the simulation model. Based on the
data available in the literature, the coefficient of friction between fabric plies is set as 0.3, while
between projectile-ceramic and ceramic—composite surfaces is considered as 0.28.

Meanwhile, to simulate the interface delamination that could occur within the composite plies
and between the composite and ceramic, additional cohesive contact based on the CZM
(‘Constitutive relations and failure models’ section) is adopted to predict the damage initiation
and growth of delamination. The material parameters defining the constitutive response of the
interface between fabric plies used in the present work are taken from (Schwab et al., 2018;
Schwab et al., 2016) and listed in Table 3.

A thin adhesive layer is in addition required to bond the ceramic front plate to the underlying
composite back-up laminates. As far as the adhesive layer is concerned, it is assumed to be made of
epoxy resin material. For modeling the cohesive behavior in the epoxy resin layer, surface-based
cohesive contact formulation is adopted as in the case of composite plies. The thickness of the resin
at the interface is assumed to be small. For such requisitions, cohesive elements with zero thickness
or a surface-based interaction can be utilized to model the epoxy behavior. Cohesive element
method often requires a fine mesh and this negatively affects the critical time step. Therefore, the
surface-based contact approach that follows a similar constitutive behavior as cohesive element is
presently used to describe the adhesive interface between the ceramic and the composite. The
cohesive contact model parameters for epoxy are presented in Table 3 (Mousavi and
Khoramishad, 2019). In addition, the cohesive property coefficient () in equation (30) is adopted
as 1.2, 1.45, and 1.8 for epoxy, carbon fabric/epoxy, and glass fabric/epoxy, respectively.

So far, all what related to the formulation of the finite element model, computational procedure
and associated material parameters related to the problem of ballistic impact have been profoundly
described.

Validation of FE model

The predictive capability of the proposed FE model is assessed through comparisons with the
impact experiments reported in Hetherington and Rajagopalan (1991) and the analytical model
in Naik et al. (2013). The assessment is made on the basis of residual velocity of the projectile
after the impact against the ceramic/composite target. To perform the validation, three different

Table 3. Interface properties determining the initial stiffness of the interface, damage initiation
and evolution of the simulated materials.

Mode | Mode I Mode IlI

Glass fabric/epoxy

Interface initial stiffnesses, K; (N/mm?) 10° 10° 10

Interfacial strengths, t"** (MPa) 35.07 68 68

Critical energy release rates, G (N/mm) 1.21 4.55 4.55
Carbon fabric/epoxy

Interface initial stiffnesses, K; (N/mm?) 10° 10° 10°

Interfacial strengths, t"> (MPa) 60 79.289 79.289

Critical energy release rates, G (N/mm) 0.9 2.0 2.0
Epoxy

Interface initial stiffnesses, K; (N/mm?) 106 10° 10°

Interfacial strengths, t™* (MPa) 30 80 80

Critical energy release rates, G- (N/mm) 0.52 0.97 0.97




ceramic/glass WEFRP composite targets are constructed with dimensions of 150 x 150 mm and with
different combinations of thicknesses of ceramic as listed in Table 4. A flat-ended cylindrical pro-
jectile with diameter of 12.7 mm and mass of 46.8 g is considered. The ceramic plate and composite
plies are discretized with an element dimension of 1 mm x 1 mm. The specification and mechanical
properties of the ceramic, composite backing plate and interfaces used for the current validations
are given in Tables 1-3. The simulation results of the residual velocities are presented in Table 4 and
compared with experimental measurements and analytical prediction. A very good agreement is
obtained between the FE model and the results of experiments as well as from analytical predictions
over the pertinent range of impact velocities. These comparisons provide validation of the present
FE model before it is used in the ensuing numerical simulations and parametric analyses.
Furthermore, in Figure 3 the deformation of ceramic and composite materials is displayed after
complete penetration of the impacted targets used to validate the developed FE model.

In the next section, we aim to perform numerical simulations to comprehensively investigate the
damage and energy absorbing mechanisms of the underlying hybrid ceramic/composite systems
during the ballistic impact process.

Results and discussion

Numerical simulations of ballistic impacts are performed to comprehensively investigate the
damage behaviors of ceramic/composite materials caused by the ballistic impacts. The ballistic
impacts are implemented with various impact energies and the impact responses are characterized
based on the history curves of residual velocity, impact force and energy dissipated as well as the
retrieved damage patterns and projected cohesive damage (delamination) areas of adhesive layers at
ceramic/laminate interface and at interfaces between laminate plies. In addition, a parametric study
on the influence of interface properties and friction coefficients on the projectile residual velocity is
performed.

Ceramic/composite performance

In this section, the performance of the ceramic/composite target displayed in Figure 2 under impact
of rigid projectile is investigated. Three instantancous ballistic impact velocities of 400, 600 and
800m/s are assigned to the cylindrical projectile to obtain the impact energies of 880, 1980 and
352017, respectively. History curves of projectile impact force and projectile residual velocity of
alumina/glass WFRP composite during ballistic impacts with various impact energies are depicted
in Figures 4 and 5, respectively. The ballistic impact response and damage process are well captured
during numerical simulations. As illustrated in Figure 4, the impact force rises steadily with the

Table 4. Comparison of the residual velocity obtained with present model and with experimental and analytical
predictions.

Residual velocity (m/s)
Ceramic  Composite backup  Impact

thickness  thickness velocity Experimental Hetherington  analytical

(mm) (mm) (mfs) FE model (present) and Rajagopalan (1991) Naik et al. (2013)
4 5 893 817 832 850.6

6 5 880 798 800 8183

9 5 898 739 693 793.8




Figure 3. The deformation of ceramic and composite material of the impacted targets used in the validation.
(a) Ceramic 4 mm, composite 5mm (b) Ceramic 6 mm, composite 5mm (c) Ceramic 9 mm, composite 5 mm.
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Figure 4. Impact force histories of the projectile impacting the alumina/glass WFRP at initial strike velocities of 400,
600 and 800 m/s.
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Figure 5. Velocity history curves of the projectile during the ballistic impact of alumina/glass WFRP at initial strike
velocities of 400, 600 and 800 m/s.

increase of ballistic impact energy. Besides, the impact force peaks and the drops of force are
observed. The force drops occurring immediately after the peaks could correspond to the initiation
of failure in the alumina front layer as well as the initiation of damage at the interface between the
alumina layer and laminate.

Also it is obvious that upon the impact of projectile on alumina/glass composite, the force of
projectile increases sharply and then decreases during the penetration process. The onset of
impacts occurs nearly at the same time, then the impact forces begin to increase. After the forces
reach the maximum values (at times of 0.74 ps, 0.73 ps and 0.55 ps), they rapidly descend back to
zero at different times of 3.78 us, 3.40 us and 2.53 ps for the impact energies of 880, 1980 and 352017,
respectively. This means that the initial impact energy in each loading case is significantly
diverse, and the final dissipated energy reaches the converged value at different time for each
impact scenario.

The variation of the projectile residual velocity versus time for the three impact scenarios is
displayed in Figure 5. As shown, at initial velocity of 400 m/s the projectile cannot perforate the
alumina/glass target. The projectile decelerates during impact until its velocity becomes zero at
about 3.5 ps, and then accelerates to a constant negative value of —2.3 m/s after rebounding from
the target. Therefore, the ballistic limit velocity or the minimum velocity of projectile for perforation
the ceramic/glass target is almost 400 m/s. Under an impact velocity of 600 m/s, it can be clearly seen
that the velocity of the projectile decreases during impact and at 3.30 ps the velocity of the projectile
starts to become stable (104.5m/s), which is due to the full penetration of the projectile into the
target. In addition, at initial velocity of 800 m/s, it can be observed that the projectile decelerates
during impact and then maintains a constant velocity of 273.5m/s (at time = 2.5 ps) after perforat-
ing the target.

With respect to the backing laminate made of carbon WFRP composite and based on its material
parameters given in Table 3, a similar behavior is indeed found. When the alumina/carbon target is



impacted with the three initial velocities as in the case of glass composite backing, very slight
increases in the residual velocities are obtained compared to the glass backing ones. Therefore,
from here onwards we will focus on the glass composite backing type.

Damage mechanisms of ceramic/composite target

Although the residual velocity and impact force of the projectile indicate the ballistic performance
of the target, the qualitative illustration of fracture mechanism will not be achieved by these quan-
titative values. For better and clear understanding of fracture propagation in ceramic/composite
target, the damage and pressure contours of the ceramic/composite target at different time steps
after projectile impact will be investigated in the sequel.

Figure 6(a) to(c) show the deformation of alumina/composite target during ballistic impact event
at three different initial strike velocities. When the projectile impacts the target, the alumina/com-
posite target provides resistance for the penetration of the projectile into the target. In the first
phase, which begins upon impact, damage is initiated from both the front and back surfaces of
ceramic, producing a cone crack in the alumina ceramic front advancing in impact direction. During
this phase, the projectile is unable to penetrate the alumina, because the damage region is below a
critical size, consequently the projectile velocity decreases rapidly. On the front surface of ceramic,
damage is caused due to the great pressure generated by the impact contact of the projectile. On the
back surface of alumina ceramic, damage is caused by tensile wave reflected from the interface
between ceramic and composite back laminate. Damage on the back surface then rapidly propa-
gates towards the front surface, and this leads to the failure of most ceramic below the projectile,
and as a result the projectile is initiated to penetrate.

Afterwards, due to the progress of the projectile and high compressive stress, a conical crack is
developed towards the back surface of alumina, and the extent of damage on the back surface is
increased. When the cone crack reached the back surface, a fragmented alumina conoid will be
formed. Because the fragmented conoid is still supported by the composite backing laminate, this
helps to redistribute the impact load to a larger area of the back laminate surface. Eventually, the
projectile and fractured alumina conoid cause the deflection of composite layers and the remaining
kinetic energy of projectile is absorbed by the kinetic and strain energy of both alumina conoid and
woven composite backing layers. Based on the initial strike velocity, the fracture of lamina fibers or
matrix may occur and the projectile can perforate the back-up composite laminate. As shown in
Figure 6(b) and (c), the target is perforated by the projectile at impact velocities of 600 m/s and
800 m/s, and both the fragmented alumina conoid and fractured composite layers move forward as
an agglomeration. However, at impact velocity of 400 m/s (Figure 6(a)), the target is not perforated
even though the alumina/composite layers are almost pierced through its thickness. In this case, the
projectile is intercepted and bounced back with low velocity, implying that 400 m/s is close to
ballistic limit of the underlying alumina/composite target. It should also be noted that at this
velocity, the projectile is remained in the fragmented alumina for long time causing an increase
in deflection and subsequently fracture of composite backing material and eventually the damaged
material moves ahead of the projectile.

When the impact behavior of the composite backing laminate is examined, it can be seen that the
damage and failure mechanisms at the end of impact event involve spalling and petalling of the
laminate as exemplified in Figure 7(a) to (c) at impact velocities of 400, 600 and 800 m/s, respec-
tively. More specifically, in the surrounding area of the formed hole, material spalling and
petalling flower-like created by the projectile can be observed on the back side in the last few
plies of the laminate as shown in Figure 7. In addition, increasing the impact velocity results
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Figure 6. Temporal evolution of material deformation status in the alumina-hard face/glass composite backing
laminate target at three projectile initial velocities (a) 400, (b) 600 and (c) 800 m/s.

in highly localized damage in the laminate with a clearly visible hole as a result of perforation. The
hole sizes do vary in each ply, resulting in a large hole diameter laminate with increased the impact
velocity (see Figure 7).

Furthermore, of particular interest for better understanding the role of the alumina hard-face
and the composite backing layers in the overall ballistic performance of the hybrid target, is the
exploring the evolution of the pressure status within the target. As shown in Figure 8(a) and (b), the
ceramic material directly below the projectile tip and in the surrounding region are under compres-
sion along thickness direction. As the projectile impacts the target, longitudinal and shear stress
waves are generated and travel through the thickness from the front to the back face. At the early
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Figure 7. Back view illustrating the damage morphology of the rear side around the created hole at impact velocity
of (a) 400, (b) 600 and (c) 800 m/s.

stage of the ballistic impact event, the mechanical response of the hybrid ceramic/composite and of
the projectile is governed by the ceramic hard-face layer of the target. At this stage, the pressure
field in the target is dominated by a shock wave emanating radially from the location of impact. As
the time progresses, the stress wave propagates further and when the impulse/shock wave reaches
the ceramic/composite laminate interface, a negative pressure zone begins to develop at the rear face
of the ceramic layer. Due to the weak ability of the alumina ceramic layer to support tension loads,
the region subjected to the negative pressure will experience a brittle failure in tension. Within the
composite laminate, a zone subjected to negative pressure is also observed. In conjunction, the
failure status of the alumina/composite materials is dominated by the damage caused by compres-
sion of alumina plate along thickness direction, radial and transverse cracking in alumina layer,
shear plugging and pulverization of alumina. Possible additional damage mechanisms are also
compression of composite backing plate, tension in the woven yarns, cohesive damage and
matrix cracking. In the late stages of the impact process, when the projectile penetrates more,
considerably larger regions of alumina and composite are subjected to both the negative pressure
and positive pressure. Accordingly, a larger region of the target structurally fails either through
pulverizing due to compression and/or tensile failure due to the negative pressure. Composite failure
in the final stage appears to be dominated by the spalling and petalling of composite backing
laminate with plug formation; the detailed damage mechanisms of the composite backing layers
will be thoroughly covered later on.

Damage development in the alumina ceramic layer

In order to further reveal the damage mechanism of the underlying ceramic/composite target, we
intentionally analyze the damage patterns retrieved from the models on the impacted and back side
of the alumina layer during the ballistic impact process. Figure 9(a) and (b) show the produced
damage in the alumina layer at three impact velocities of 400, 600 and 800 m/s at times of 10 and
80 us, respectively. The letters “F” and “B” in the alumina layer identification indicate front and
back surface, respectively, while the number indicates the initial impact velocity. It is evident from
Figure 9 that the impact damage is located in the vicinity of the impacted zone and the damage is
spread out to a larger area on ceramic front side after impact compared to the rear side. Another
observation is that, at early stage of impact, the density of cracks is much higher beneath the impact
zone in both front and back sides, thus, a higher number of incipient fragments are developed.
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Figure 8. Temporal evolution of pressure status in the alumina/composite target at two projectile initial velocities
(a) 600 and (b) 800 m/s.

Besides, the damage area on the back side is generally localized around the projectile impact
point with perforation diameter relatively larger at a high velocity of 800 m/s compared consecu-
tively to the velocities of 600m/s and 400m/s (Figure 9). As seen in Figure 9, two main damage
mechanisms can be observed: radial cracks and cone cracks. The radial cracks are observed to
extend from the impact point on the back side and outward in a radial direction. At velocity of
400m/s and time step 80 ps, the damage on the back face is primarily radial cracks and at a higher
velocity, connecting or rather discontinuous hoop cracks appear to intersect a number of radial
cracks. The cone cracks are best perceived in the cross-sectional view as previously illustrated in
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Figure 9. Damage patterns developed on the front and back sides of alumina ceramic layer at (a) 10 and (b) 80 ps.
SDV4 stands for the damage variable D (D =0 intact state and D = | damage state).

Figures 6 and 8, where they are observed to form a cone extending from the impact point on the
front surface and spread to the back face through the entire thickness of the alumina.

With regard to the damage at the edges, it can be seen that the surface waves produced by the
impact can slightly damage the edges of the alumina ceramic layer under fully fixed constraint (see
Figure 9(b)). Although it occurs slightly, the change of the boundary conditions from fully clamped
to a clamped free (two opposite edges clamped and two free) is found to effect the damage produced
at edges of the ceramic plate. For the clamped free boundary condition, no damage is observed at
the two free edges of the plate, whereas it is observed at the clamped edges.

Damage mechanisms of composite backing laminate

Qualitative aspects such as the shape and degree of the damaged zone in the composite backing
laminate subjected to ballistic impact are considered in the sequel. Overall, the composite laminate
exhibits a complicated damage and failure behavior with various modes of failure, such as fiber
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Figure 10. Cross-sectional perspective illustrating the von Mises stress contour of composite backing laminate.

breakage, matrix cracking, matrix plasticity and delamination of plies. All of these damage mech-
anisms are likely occurring during ballistic impact. It is therefore convenient to describe the damage
modes retrieved in the composite during impact of the underlying alumina/composite target, using
the damage variables presented in ‘Fabric reinforced composites constitutive model’ section.

A cross-sectional view of the damage process over increments of time throughout the impact
event at 800 m/s (3520J) can be observed in Figure 10. At the onset, it can be seen from Figure 10
that the stress concentration is very intense around the impact zone of the front faces, resulting in a
sequence of compression and shearing forces along the interfaces between the plies. Afterwards, the
impact force travels down to the bottom through the laminate thickness, contributing to large
deformations in these areas. When the fibers reach their tensile/compressive resistive tolerance
this leads to fractures along the woven fabric directions. Along with fiber breakage and perhaps
also shear matrix cracking inside the composite laminate, the interlaminar delamination can be
considered as the driving force that causes several pieces of the plies to pull out ahead of others and
then are fractured due to the stretching force emanating from the projectile. This in turn leads the
entire composite layers to completely fractured around the impact zone and subsequently perforat-
ed at end of the impact process (at t =80 ps) as depicted in Figure 10.

In sum, it can be viewed that the present stress concentration areas in each ply in the laminate are
susceptible to damage.

To have a brief view of the damage evolution variables, the tensile damage (d, ., d,,), compres-
sive damage (d;., d,.), shear damage (d;,) and matrix plasticity due to shear in all layers of the
composite laminate are depicted in Figure 11. The fully failed materials are deleted from the model
according to element removal strategy exposed in ‘Element deletion scheme’ section and the red
color in each layer indicates the higher damage level while blue represents intact material as shown
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Figure 1 1. Patterns of damage variables with respect to (a) fiber tension along fiber direction-1 (d,.), (b) fiber
tension along fiber direction-2 (d,.), (c) fiber compression along fiber direction-1 (d,_), (d) fiber compression along
fiber direction-2 (d,_), (e) shear damage (d,,) and (f) matrix plasticity for all composite layers at the end of the impact
process at 3520] impact energy.

in the Figure 11. With regard to the final damage patterns in the entire laminate, it is of great
interest to observe from Figure 11 that the damage variables 0<d;; <1 in fiber directions 1 and 2
occur rather locally around the impact zone. Similar information is also obtained for other damage
mechanisms but their severity is less. In general, It is apparent from damage contour plots that all
damage mechanisms occur within the composite laminate, with fiber tensile damage (Figure 11(a)
and (b)) is the dominant fiber damage mode compared to fiber compression damage (Figure 11(c)
and (d)) while the matrix shear failure mode appears to be less important since 0<d;>,<1 does not
exceed 0.25 (Figure 11 (e)).

To further understand the damage behaviors within the composite laminate, the projected areas
of the predicted patterns of the above-mentioned damage variables are plotted for the first and last
four plies from their rear side in Figure 12. A few aspects can be discussed for Figure 12. (i) It can be
observed that the fully failed damage areas in the back plies are generally larger than the front plies.
This can be attributed to the fact that the damage are initiated and developed firstly in the back
layers due to the higher developed negative pressure which gives rise to the tensile failure of the back
layers first. Also, it is found that the delaminated plies affected by cohesive damage in the back side
around the periphery of the projectile are more susceptive to the damage than the front plies. What’s
more, petalling and material spalling can be seen in the last few plies of the laminate (plies 13-16).
(i1) The fiber tension damage degree (1st column) is relatively larger compared to fiber compression
damage (2nd column) which possibly due to the larger bending stress. Also, it is found that the
damage degree for fiber tension and fiber compression near the impact side is more severe than the
non-impact side. (iii) In terms of the tensile damage, it is more likely to occur along the directions
that are corresponding to fiber directions. Specifically, the tensile damage values are apparently
higher along the corresponding fiber directions, which tend to result in the tensile failure. Regarding
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Figure 12. Degree of damage contour for fiber tension, fiber compression, matrix shear and matrix plasticity in the
four frontal and rear composite layers [45, —45, 0, 90] at 3520 impact energy.

the damage degree for shear loading and plasticity of the matrix, it is found that their status
variables in each layer are comparatively insignificant as illustrated in the 3rd column, which
suggests that they have less effect on the failure of the composite laminate under ballistic impact
compared to the other damage modes. Consequently, these observations reveal that the main
damage mechanisms arising from the ballistic impact are fiber tensile damage followed by fiber
compressive damage and matrix shear damage occurs slightly on the impact surfaces.

Delamination damage mechanism

Herein, the surface based cohesive behavior used to model both the interface debonding between
alumina-composite and delamination between individual plies of composite backing laminate, is
demonstrated. A detailed comparison of delamination mechanism at different impact energies will
also be discussed.

As we explored earlier, the damage initiation criterion for cohesive surface is based on quadratic
stress criterion and the damage evolution is governed by a power law in which the fracture energies for
normal and shear modes are specified. The initiation of the damage in the cohesive interaction is
obtained by CSQUADSCRT variable (a value of 1 implies initiation of delamination) while damage
evolution can be tracked by CSDMG variable. The latter parameter varies from 0 to 1 where 0 means
no delamination and 1 indicates complete delamination where the adjacent layers are no longer bonded
by the matrix. Figure 13(a) and (b) show the delamination initiation and delamination damage extent
patterns through the ceramic/laminate thickness at various time-frames as the projectile passes through



Figure 13. Patterns of delamination initiation and delamination damage extent after (a) 880 and (b) 3520] impact
energy.

the target at 880 and 3520J impact energies, respectively. As shown in Figure 13, both delamination
initiation and delamination damage evolution degree are increasing in size along the direction of the
impact as time progresses. Besides, it is remarked that the delamination damage pattern is more conical
in shape. In fact, the interface debonding damage results in reducing the bending stiffness of the woven
laminate as well as the bending stiffness of adhesive layer between laminate and ceramic by allowing
local deformation of the material beneath the projectile and thus diminishing the penetration resistance
force. By comparison, the damage area of the interfaces between the alumina layer and the composite
laminate is larger than that between composite plies, which may be explained by the difference of
adhesion properties between the adjacent layers and because the projectile is first in contact with the
interface between the alumina layer and composite laminate.

To observe the variation of delamination damage in the alumina/composite target, the evolution
based CSDMG variable is traced for each interface in the target. The delamination profile or rather
the projected delaminated area for each interface is shown in Figure 14(a) and (b) at the end of
impact by 880 and 3520J impact energies, respectively. From these figures, we can see that the
interface debonding damage mainly occurs at the areas around the projectile impact zone and the
delamination damage contour shape is mostly circular for all interfaces. What’s more, it is apparent
from Figure 14 that the models predict larger areas of delamination at the interfaces close to the
impact side of the laminate (Plies 1-4) and relatively smaller areas of delamination at interfaces near
the mid-plane and at the back side of the laminate (all areas in red indicate completely delaminated).
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Figure 14. Projected delamination areas obtained at impact energy of (a) 880 and (b) 3520]. The plies are numbered
from impact to back face.

To give insight into the delamination failure mode dependence with the time history, the delam-
ination contours in the top 4 ply interfaces of the laminate are plotted against time of 5, 10, 20 and
50 ps (see Figure 15). As seen in Figure 15(a) and (b), over the time history, the spread of delam-
ination damage is quite large at impact energy of 3520J compared to 880J. The delamination
pattern pictured in Figure 15(a) is more oriented along the principal directions of the fibers espe-
cially for the 1st interface (alumina/laminate interface) while being fairly circular in the other plies
interfaces. At impact energy of 3520J (Figure 15(b)), it can be seen that the delamination spread
shows that the laminae tend to have a preference in growing radially to form a more circular
delamination pattern over time.
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Figure 15. Delamination contour in the top four plies of the laminate versus time after impact energy of (a) 880 and
(b) 3520).

Energy-based analysis

One of the important outcomes of impact dynamics using a FE simulation code based on an explicit
solver is the validation of the energy conservation principle. The numerical simulations will there-
fore be used to extract further information on the kind and extent of damage modes to determine
the major energy absorption mechanisms and then confirm the energy conservation theory. Indeed,
simulations will allow to quantify the amount of energy absorbed by various mechanisms such as a)
material fracture and fragmentation energy, which includes the energy absorbed by the fiber and
matrix damage of composite plies and energy dissipated by ceramic fragmentation; b) interply



energy, which is the energy absorbed by the delamination of fabric layers and debonding between
ceramic and composite; c) frictional energy, including friction between the target and the projectile
and delaminated layers/fabric debris interactions; and d) artificial strain energy, which is the energy
used to suppress the singular modes such as hourglass effects.

In order to confirm the accuracy of the simulations, the typical energy evolution of the entire
model shall first be analyzed. According to the total energy conservation principle, the energy-
balance equation of the ceramic/composite target-projectile system is given as

1 1
Ei=5myV} = Erg(t) = 5mp V(1) + Eqs(1) 31)

where E; is the impact energy (or initial kinetic energy of the projectile), V; is the projectile impact
velocity, m, corresponds to projectile’s mass, £z (?) is the total energy at time instant £, V,(¢) is the
projectile residual velocity, and the term Eggg(1) = 1/2m, V(1) corresponds to the projectile resid-
ual kinetic energy at time ¢. Eop (¢) in the above equation is the total absorbed energy which can be
calculated by

E45(t) = Epke(t) + Eqg(t) + Evp(t) + Erp(t) — Epw(1) (32)
wherein E(7) can be written explicitly as

Epe(t) = Esp(t) + E4£(t) + Epp(t) + Epup (1) (33)

with Epgr the kinetic energy of ceramic/composite panels, E;z the total internal energy, Eyp the
energy dissipated by viscous effects, Erp energy dissipated through frictional effects, E,,,, the work
done by contact penalties, including general contact and penalty/kinematic contact pairs, Egy the
recoverable elastic strain energy, E 4 the artificial strain energy, Epp the energy dissipated through
inelastic process such as plastic deformation and extensive cracking, and Ep,,p the dissipation
energy due to delamination damage. The total kinetic (E7gg) is the summation of the kinetic
energy of the projectile (Ezxg) and the kinetic energy due to vibration of both ceramic and com-
posite panels (Epxr).

According to equation (31), the amount of energy absorbed or dissipated by the ceramic/com-
posite panels at any given time ¢ can be calculated using this formula

Eapt) = %mp(v,z —2(0) (34)

As explained earlier in the previous sections, as lower is the projectile residual velocity, more
energy is lost and therefore more resistant is the alumina/composite target. This implies that the
target absorbs more energy under various terms of energy absorption mechanisms as illustrated by
equation (32). Based on equation (34), the total dissipated energy can be calculated as the difference
of the initial kinetic energy and the final kinetic energy of the projectile. Thus, for the three previ-
ously applied impact energies of 880, 1980 and 35201, the ratios of the total dissipated energy to the
initial kinetic energy of the projectile are found to be around 100%, 96.97% and 88.3%, respec-
tively. It is also obviously that more energy is dissipated with the increasing impact energy, such that
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Figure 16. Energy evolution histories under impact energies of (a) 880 and (b) 3520).

880, 1920 and 3108.6J are the energies absorbed when the target is impacted by 880, 1980 and
352017, respectively.

The evolution of total energy E;r as well as its associated terms presented in equation (32) are
described in Figure 16(a) and (b) at impact energies of 880 and 3520 J, respectively. As shown in
Figure 16, at the beginning of the impact, the entire energy is in the form of kinetic energy of the
projectile. Later, this energy is split into energy absorbed by various damage mechanisms and the
kinetic energy of moving ceramic/composite target and projectile as explained by energy balance
equation (equation (31)). It appears also that the total energy (E7g) of the system in the simulation
remains constant throughout the analysis for all impact models. In addition, According to the
energy relation of the system, it can be observed that at any time step of the simulation, the sum
of Epxr, Erxe, Ere, Evp, Erp and less other energy corresponds to the total energy (E7g). This in
turn confirms the theory of energy conservation balance in the system and the suitability of the
developed models for impact investigation.

Furthermore, it can be clearly seen from Figure 16 that the total kinetic energy of the model
(Ergr) decreases substantially as soon as the projectile starts to penetrate into the ceramic/com-
posite target which is due to that an amount of impact kinetic energy is absorbed. This decrease in
kinetic energy leads to a slight increase of the other dissipation terms E}p and Erp. On the other
hand, the total internal energy of the target (E;z) rapidly increases linearly at the very beginning of
impact and then increases gently until becomes almost stable either when the target is completely
penetrated by the projectile (Figure 16(b)) or when the projectile is rebounded from the target
(Figure 16(a)).

In order to further study the dynamic progressive failure properties for the alumina/composite
target, the energy dissipation corresponding to different failure modes is further investigated.
Figure 17(a) and (b) exemplify the energy absorbed by each absorption mechanism as a function
of contact time for the target at 880 and 3520 J impact energies, respectively. In these figures, the
dissipation mechanism of kinetic energy of the ceramic/composite panels due to its vibration (Epgz),
the total internal energy (E;z) and its dissipation into Epp, Egg, E 4z and Epsp are presented. From
the results, it can be seen that during the very initial phase of contact, almost all mechanisms
increase with the contact time. After this time, both the elastic strain energy (Esz) and kinetic
energy due to panels’ vibration (Epgz) gradually decline while the Epp, E 4 and Epyp continue
to increase. When fully penetrating takes place, all energies remain almost unchanged.
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Figure 17. Variation in dissipated energies during the impact process at impact energy of (a) 880 and (b) 3520).

Furthermore, the internal energy (E;z) developed due to impact is utilized in general as energy
dissipated through inelastic deformation (Epp), elastic strain energy (Egg), dissipation energy due to
delamination (Ep,sp) and artificial strain energy (£ 4£) in the system, as shown in Figure 17. At low
impact energy of 880J (Figure 17(a)), one can notice that the internal energy (E;z) that develops in
the target overlaps with the recoverable elastic strain energy (Egz) during the initial phase of con-
tact. This indicates that in the initial stage of impact process, the developed internal energy dis-
sipates mostly as recoverable elastic strain energy. However, after the development of other damage
energies (Epp, E 4r and Ep,yp), the difference between the E;z and Egg becomes explicit. This points
out that some of the internal energy that develops in the target is dissipated as damage in the form
of failure modes. In opposition, at high impact energies (Figure 17(b)), the overlap with Egg is not
observed in the initial phase since the difference between E;; and Egf is evident. Therefore, through-
out the simulation time the developed internal energy (E;z) dissipates as a combination of the
following elements: Epp, Esg, E 4z and Epyp.

Note that for the three impact states, the ratio of permanently absorbed energy due to inelastic
deformation (Epp) to the total dissipated energy (E,5) are found to be about 67% and 51% when
the target is impacted by 880 and 3520J, respectively. On the contrary, the contribution in energy
absorption by (Esg, E4r and Epyp) is found much less, such that about 13% and 12% of the total
dissipated energy at 880 and 35201J impact energies, respectively. This implies that most of the
energy due to ballistic impact is absorbed in the form of inelastic deformation (Epp), with less
energy dissipated as elastic energy and delamination (Esgz, Epyp). Furthermore, the artificial
strain energy (E 4x), which is used in the numerical simulation to prevent any hourglass effects, is
found to be less than 5% of the total internal energy (E;g) for all modeling impact energies. This
value is well acknowledged for not affecting the overall response of the system, and thus confirms
that the numerical models give stable solutions.

It is of particular interest now to quantify the contribution of different energy absorbing mech-
anisms attributed to the alumina frontal layer and composite back panels. Figure 18 graphically
summarizes the quantitative contribution of each individual energy absorbing mechanism men-
tioned in equations (32) and (33). From Figure 18, it is apparent that the absorbed energy by the
alumina layer due to inelastic deformation (PD), kinetic energy corresponds to vibration (PKE),
energy absorbed due to viscous effects (VD) and artificial strain energy (AE) is, in general, higher
than that absorbed by the composite plies. Oppositely, the amount of energy absorbed by composite
laminate due to the recoverable elastic strain energy stored in the plies after impact (SE) is found to
be large compared to that absorbed by the alumina layer. This energy storage happens as the plies
after impact are unable to restore to their original configuration owing to damage inside them.
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Figure 18. Schematic representation of the contribution of the different energy absorbing mechanisms associated
with the alumina layer, composite laminate and whole model: (a) 880 and (b) 3520).

By inspection the whole model in Figure 18, it is possible to conclude that the majority part of
energy absorption is in the form of inelastic deformation, followed successively by energy absorbed
due to vibration, elastic strain energy stored in the panels, viscously dissipated energy, artificial
strain energy and less other energies dissipated in the form of delamination, frictional and dissipa-
tion by contact penalties. For instance, at high impact energy of 3520J (Figure 18(b)) the inelastic
deformation contributes approximately 51% of the total energy dissipation, kinetic energy of the
panels contributes approximately 28%, strain energy contributes 5.4%, viscous dissipation contrib-
utes 3.6%, artificial energy contributes 4.2% and the contribution in energy absorption by delam-
ination, friction and contact accounts for 7.8%.

So far, the energetic analysis of the three performed simulations is discussed together with
quantitative results confirming the effectiveness of the built models, as regards contact and inter-
action modeling, ceramic and composite materials behaviors, and element performance.

Sensitivity analysis on some key parameters

Numerical examples will be presented in the following, comprising the sensitivity analysis of some
key parameters. We seek to compare the results of considering different friction coefficients and
various interface strength and critical energy release rate values on the ballistic response of the
underlying alumina/glass WFRP composite target.

Influence of friction. The overall energy dissipated through friction under ballistic impact can be
attributed to different phenomena which mainly include lamina-to-lamina interactions, ceramic-
to-composite interactions, projectile-to-ceramic interactions, and projectile-to-composite interac-
tions. In order to examine the stability of the model and to understand the effect of friction on
the ballistic impact performance, a sensitivity analysis on friction coefficient is performed. The
interactions among the projectile and the ceramic/composite materials will be referred as external
interactions and its coefficient of friction is symbolized as pfy while the interactions among the
individual composite plies and ceramic-composite surface will be referred as internal or interfacial
interactions and its coefficient of friction is represented as pf;. Initially, it is interesting to conduct
simulations with different friction coefficients ranging from pfi=puf,= 0 up to 0.9 for the purpose of
comparing a frictionless and friction contacts between the adjacent interfaces while impacting the
hybrid system with an initial velocity of 600 m/s. The variation of the residual velocity with friction
coefficient is shown in Figure 19. According to the results, the friction would significantly affect the
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Figure 19. Influence of friction parameter on the projectile residual velocity of ceramic/composite target impacted
at 600 m/s.

ballistic behavior of ceramic/composite target. It is found that a lower level of friction results in a
higher projectile residual velocity. In the beginning, the residual velocity is observed to rapidly
decrease with increasing the friction coefficient, then the velocity starts to become almost stable
at coefficient of friction pfj=puf,= 0.45. The reduction percentage of the residual velocity is approx-
imately 20%. Meanwhile, the predicted residual velocity is not sensitive to the friction coefficient
greater than 0.5.

In order to distinguish between the influence of friction coefficients of internal and external
interactions on the ballistic performance of ceramic/composite, three different values for internal
pf; and external pfy friction coefficients have been chosen for a total of nine different tests. The
projectile velocity history for the nine different cases is illustrated in Figure 20. From this figure, it
can be seen that the friction coefficients do not alter the global response of the hybrid structure but
rather have a relative impact on ballistic performance. In particular, internal friction corresponding
to the ply-to-ply and ceramic-to-composite interactions sounds not to have an effect on the pro-
jectile residual velocity if no friction among projectile and ceramic/composite is introduced.
However a slight increase on projectile to ceramic/composite friction coefficient leads to some
effects in terms of ballistic performance of the target. Moreover, it is noteworthy to notice that
within the first 1.5 ps, the effect of friction either internal or external is almost negligible on the
ballistic response of the target.

In the meanwhile, it is worth noting that the dissipation energy by friction is still minimal com-
pared to other forms of energy dissipation as illustrated in the previous subsection.

Influence of cohesive interface parameters. A campaign of simulation is carried out in order to assess the
influence of cohesive interface parameters on the overall target behavior and then on the amount of
dissipated energy due to interlaminar delamination. The main parameters of interest which define
interface property are: the interface stiffness (K;), interface strength (¢//"**) and critical energy release
rate (G9).
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Figure 20. Influence of internal and external friction on ballistic response of the target against 600 m/s incidence
velocity.

A parametric study on the cohesive interface properties /™ and G¢ is firstly conducted and the
results are shown in Figure 21. Simulation result with the interface properties given in Table 3 is
used as the baseline (case 1 in the figure). The values of /" (maximum interlaminar strength mode
L, 1L, 111) and G¢(critical fracture toughness mode I, II, I1I) in cases 2 and 3 are increased by 50 and
100%, respectively. In cases 4 and 5, the values of /" and G¢ are decreased by 50 and 80%,
respectively. From the history curve of total kinetic energy (kinetic energy of the projectile and
target panels) depicted in Figure 21(a), it is found that the kinetic energy is relatively insensitive to
the increase of both interface strength and fracture toughness values. Actually, the same trend is
also observed for the dissipated energy by delamination damage; in general, the results are not
sensitive to the increase of interface properties as shown in Figure 21(b). Conversely, when the
interface parameters are decreased by 50 and 80%, the total kinetic energy is increased while energy
dissipated by delamination is decreased. Even though the latter energies appear to be sensitive to the
reduction in interface parameters, the final residual velocity remain almost unchanged. This can be
explained by the fact that a decrease of energy due to delamination is associated with an increase of
the kinetic energy, which results in a very slight change in the residual velocity at the end of the
impact process. Concurrently, it should be noticed that the dissipation due to interply delamination
damage remains still low compared to the other energy dissipation modes.

From the above, we can infer that the present sensitivity analysis has found the global internal
energy trend to be insensible to the interface parameters since the contribution of these parameters
does not affect the global energy balance and projectile velocity trends.

Considering the damage patterns associated with the interface parameters used in cases 1, 2 and
4, the projected areas of interply delamination damage are plotted for the interfaces 5, 7, 13 and 16
in Figure 22. From these contours, it is seen that the predicted damage evolution parameter
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Figure 21. Influence of interlaminar strength and fracture toughness parameters on (a) kinetic energy and (b)
energy dissipation due to delamination, at 1980 ] impact energy.

CSDMG is positively correlated to the delamination interface properties. At low values of #"** and
G¢(case 4, Figure 22(c)), the largest delamination damaged areas are pronounced. Comparatively,
at high values of interface parameters (case 2, Figure 22(b)), delamination areas are confined to a
small zone localized around the perforated hole border. The difference in the delamination damage
spread is certainly attributed to the resistance offered by laminate due to the increase in interlaminar
interface strength and its fracture properties.

In fact, the interface property that determines the initial stiffness of the interface K; is obtained
under the assumption that the interface is a quasi-rigid connection within the elastic regime with
high initial penalty values of K;=10°® MPa/mm for loading mode I, II, III (see Table 3). It is
therefore necessary to examine the effect of decreasing this parameter on the overall target response
in terms of the totally absorbed energy or rather the obtained residual velocity. As displayed in
Figure 23, the reduction in the initial stiffness from K;=10° MPa/mm to K;=10* MPa/mm results in
rising the projectile residual velocity by about 5%. In the meantime, while continuing decreasing the
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interface cohesive stiffness below 10* MPa/mm, the residual velocity of the projectile remains almost
stable. Consequently, we can deduce that the enhancement of the interface penalty stiffness within
certain limits could improve the resistance to penetration, and thus lead to lower residual velocities.
This can be attributed to the retard of delamination damage initiation and thus certainly retarding
the degradation of interface stiffness because of increasing the interface stiffness. As long as the
delamination initiation is related to interface stiffness (equations (28) and (29)), before damage
initiation, the interface is intact and when has a large initial penalty stiffness, the delamination
initiation is delayed and ultimately leads to more dissipated energy.

Summary and conclusions

In this contribution, by means of advanced methods within the framework of the finite element
method, an effective modeling approach was presented to simulate the ballistic perforation behav-
iors of ceramic/composite panels impacted by a non-deformable projectile. This study has mainly
covered the impact behavior of alumina/glass WFRP composite target in a two-phase research.
The first phase has examined the ballistic impact behavior and ballistic performance of the target
system in terms of energy absorption capability. The second phase has involved the investigation of
component-level impact characteristics and failure mechanisms of the alumina frontal face and
glass composite back-support. The extent and pattern of impact damage with respect to projectile
velocity were determined for the target components and the target itself. The study showed
that shell continuum element based modeling strategy for composite laminate in combination
with a solid element approach for ceramic permits the computational effort to be kept within
reasonable bounds.

Based on the constitutive material models development procedure used and the results of the
subsequent computational analyses, the following main summary remarks and conclusions can be
drawn:

1. The roles of alumina hard-face and a glass composite backing in providing the necessary bal-
listic resistance of the ceramic/composite hybrid target has been revealed through the use of a
non-linear dynamic computational analysis of the target penetration problem.

2. Simulations performed with various impact energies revealed that the ceramic model (Johnson—
Holmquist) adopted does present all the failure mechanisms involved and the composite model
adopted can successfully predict the intraply damage due to fiber tension and fiber compression
along the principal fiber directions, and matrix damage due to shear loading. Concurrently,
among the adjacent surfaces, the interlaminar damage based on cohesive zone model was suc-
cessfully predicted.

3. The temporal evolutions of the pressure contours and material deformation/damage status in
the alumina/composite target were thoroughly investigated under different ballistic impact
energies. In the early phase of the impact, the response of the target was governed by the
alumina hard-face. When the target was impacted, a compressive wave travels from the front
to the back face and upon reaching the interface between alumina and composite, a negative
pressure zone develops at the rear side of the alumina. Then the wave reflects and becomes a
tensile wave which breaks the alumina in tension. A zone subjected to negative pressure was also
observed within the composite plies. In the later stages, considerably larger regions of alumina
and composite were subjected to both the negative pressure and positive pressure, which struc-
turally fail either through pulverizing due to compression and/or tensile failure due to the
negative pressure.



10.

11.

12.

. Within the alumina hard face layer, it was demonstrated that at early stage of impact, the

density of cracks was much higher beneath the impact zone in both front and back sides,
thus, a higher number of incipient fragments were developed. After that, as time progresses,
the damage is spread out to a larger area on front side compared to the rear side. The failure
status in the alumina layer was dominated by the damage caused by the radial, cone and
transverse cracking, shear plugging and pulverization of alumina.

. Within the glass WFRP backing laminate, it has been revealed that, for a high velocity ballistic

impact, delamination occurs during the damage initiation and appears at several interfaces
nearby the impacted side of the target. After that, fiber breakage and matrix cracking
appear, while delamination continuously extends in thickness direction until the laminate
completely fails. As a result, on the backside of the target, the failure emerged to be dominated
by the spalling and petalling of composite backing laminate with plug formation.

. From qualitative characterization of fracture mechanisms developed in the composite laminate,

it has been disclosed that the final stage of ballistic impact is dominated by fiber tensile damage
and fiber compressive damage followed by matrix shear damage.

. The surface based cohesive behavior used to model the interface debonding between alumina-

composite and delamination between individual plies of composite laminate was demonstrated at
different impact energies. It turned out that the interlaminar damage variable and the dissipated
energy by delamination were almost zero during the first few microseconds. Thenceforth, the energy
dissipation caused by interlaminar damage of the interfaces has increased as the impact energy grows.

. Owing to the complexity of interface delamination mechanism, qualitative assessment of the

adhesion was crucial for characterizing the delamination growth and the critical delamination
size under ballistic impact. The projected interlaminar damage areas disclosed that the interface
damage mainly occurs at the areas around the impact point and the delamination damage
contour shape is mostly circular for all interfaces and delamination damage evolution degree
are increasing in size along the direction of the impact as time progresses. Besides, in viewing the
overall delaminated areas, it was remarked that the delamination damage pattern was more
conical in shape.

. The components of the total energy dissipation were discussed in more thorough details, begin-

ning with the total internal energy (E;g) and its dissipation into Epp, Esg, Eag and Epyp,
proceeding to the energy dissipated through ceramic/composite panels’ vibration and its rela-
tion to the projectile residual kinetic energy, and ending with the contribution of each individual
energy absorbing mechanisms concerning the alumina frontal layer and composite back panels.
From the conducted energetic analysis under different ballistic impact energies, it has emerged
that most of the energy due to impact is absorbed in the form of inelastic deformation, followed
respectively by the energy absorbed due to panels’ vibration, the elastic strain energy stored
within the target, the viscous dissipation, the artificial strain energy and a few less other energies
dissipated in the form of delamination, frictional and contact penalty.

From the parametric study on friction, it has been found that the friction coefficients did not
modify the global response of the ceramic/composite target and layer-to-layer friction (interfa-
cial friction) did not have an important effect on the projectile residual speed, however a slight
increment in target-to-projectile friction coefficient resulted in some benefits in terms of ballistic
performance (reduction of residual velocity).

From the sensitivity analysis on interface properties, it became apparent that the global internal
energy trend is insensible to the interface strength (t"**) and fracture toughness (Gic) since the
contribution of these parameters does not affect the global energy balance and projectile



velocity trends. However, it was observed that the reduction in the initial stiffness (K;) resulted
in rising the projectile residual velocity.

13. Eventually, for the preliminary and early stage of design process, the current methods provide
an efficient approach for numerical predictions of ballistic impact responses of hybrid ceramic/
composite targets and help in reducing the experimental effort associated with their design.
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