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Chapter 1. Introduction and Literature

Review

Résumé en francais

INTRODUCTION ET ETUDE BIBLIOGRAPHIQUE

La premiére partie du chapitre est consacrée a la présentation de la problématique principale

de ce travail et a I'organisation du manuscrit.

La protection contre 1’impact est un facteur essentiel dans le domaine du transport tout
comme dans la protection individuelle (civile et militaire). Les systémes de protection sont des
produits qui combinent a la fois une résistance élevée aux impacts et une faible masse. Il est
donc essentiel de trouver des matériaux de protection innovants et légers pour faire face aux
menaces possibles rencontrées. Cette recherche vise a étudier la capacité d'absorption d'énergie
et de protection d'un nouveau matériau hybride, combinant des fibres d'aramide et des mousses
époxy, lorsqu'il est soumis a un impact. De multiples paramétres sont étudiés a travers des essais

d'impact a basse et haute vitesses.

Cette theése est constituée de cing chapitres principaux. Le chapitre 1 présente le contexte du
travail et la bibliographie. Les chapitres 2, 3 et 4 constituent le ceeur de ce travail, et sont
présentés sous forme d'articles. Ces chapitres sont soutenus par des annexes qui servent a
développer certaines idées et méthodologies de modélisation qui ne peuvent pas étre incluses
dans les articles. Le chapitre 5 présente la conclusion et les perspectives. Chaque chapitre

débute par une introduction en francais.

Le premier chapitre est consacré a la problématique et a la bibliographie. Le deuxieme
chapitre est dédié a I'étude du comportement d'un matériau hybride lors d'un impact a basse
vitesse. Le troisieme chapitre présente le comportement de ce méme matériau hybride soumis
a un impact haute vitesse. Le quatrieme chapitre présente la stratégie numérique utilisée pour

modéliser ces structures hybrides. Cette stratégie est basée sur le scénario d'endommagement
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observé pour les impacts a basse et haute vitesses. Enfin, le cinquiéme chapitre résume les

objectifs atteints durant cette these ainsi que les perspectives.

La premiére partie de la bibliographie présente une synthese des types d'impacts existants et
de leur classification, des tests expérimentaux utilisés dans la littérature pour réaliser ces
impacts et des matériaux de protection actuels. Les matériaux métalliques, céramiques,
cellulaires et textiles a haute performance sont les matériaux les plus utilisés pour les
applications de protection. Le choix d'un matériau de protection approprié est basé sur I’énergie

d'impact definie par la vitesse et la masse du projectile.

La deuxieme partie de la bibliographie se concentre sur I'application des matériaux
composites dans le domaine de la protection et sur leur comportement face a I'impact. Au cours
de leur vie, les matériaux composites sont soumis a des impacts basse et haute vitesses. Les
principaux modes d'endommagement résultant d'un impact a faible vitesse sont la rupture des
fibres, le délaminage et la fissuration matricielle. Quant & I'impact a haute vitesse, en plus des
précédents, les matériaux composites subissent une création d'un bouchon sous 1’impacteur,
appelé "shear plug”, et une déformation des fibres primaires et secondaires. La réponse des
matériaux composites a I'impact est influencée par plusieurs facteurs : le type de fibre, le type
de résine, la géométrie de I'impacteur. Cette partie décrit également les stratégies numériques

utilisées pour modéliser les matériaux composites.

La troisieme et derniére partie de la bibliographie est axée sur les mousses polymeres
appliquées aux systemes de protection (transport, emballage, accessoires de sport). Leur
comportement lors d'impact y est décrit. Enfin, un apercu des stratégies numeériques utilisées

pour modéliser les mousses est présentg.
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1.1 Introduction

1.L1.1 Context

Safety is among the most critical factors in the transportation industry, i.e., aircraft,
automobiles, and personal protection, i.e., civilians and military. Protection systems are life-

saving products that combine high-impact resistance and lightweight properties simultaneously.

Protection systems can be subjected to numerous impacts, a cyclist's helmet impacts the
ground, a tool drop during maintenance, a racecar hitting the roadside barrier, a bird striking an
aircraft during takeoff, and a high-speed bullet striking a body armor. The hazards against
protection systems are many and differ according to the shape of the impactor, its speed, and

its Kinetic energy.

Finding innovative, lightweight protection material is essential to stand against possible
threats. Recent research highlighted the importance of the lightweight feature in protective
materials. In the transportation industry, composite materials substitute traditional protective
materials like metal, offering the same level of protection, less weight, and less fuel
consumption. Composite materials are among the most used materials in protection applications
against impacts. High-performance fibers are used in most aircraft protection systems against

tool drop impact, fragments, bird strikes, and ballistic impacts.

On the other hand, cellular materials gained extensive focus recently due to their capacity to
absorb energy due to their microstructure. Polymer foams are used in modern automobiles as
shock absorbents to protect the driver and passengers in case of impact. Sports protective
accessories contain polymer foams to protect the players from injuries resulting from impacts,
I.e., helmets and ankle protection. Lightweight criteria are crucial in such applications to ensure

flexibility and comfort for personals.

Regardless of the effectiveness of the recent protective materials, continuous effort is put into
improving their effectiveness to weight ratio, using numerous techniques, such as hybridization
and reinforcement by fillers. Hybridization techniques combine several materials resulting in a

final one with improved properties.
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In the presented work, the capacity of protection of a novel hybrid material is studied when
subjected to impact. The hybrid material combines aramid fibers and polymer epoxy foam. The
potential of this novel material is assessed based on its behavior and modes of failure.

1.1.2 Problematic and manuscript organization

This research aims to study the energy absorption and protection capacity of a novel hybrid
material that combines aramid fibers and epoxy foams when subjected to impact. Multiple

parameters are studied through low and high-speed impact tests.
The challenges that this study encountered are the following:

e Studying the behavior of a new hybrid material against low and high-velocity impact
and deducing the damage modes in such materials.

e Studying the energy absorption capacity that this material can provide and the level of
protection on the protected material's back face, therefore deducing optimized
configurations.

¢ Finding a numerical model that can represent the scenario of damage seen physically

during impact can be used for optimization purposes in future work.

This thesis is divided into five main chapters. Chapter 1 presents the context of the work and
a literature review. The core of the work, chapters 2, 3, and 4, are shown in the form of articles.
Chapter 5 concludes the work presented in this manuscript and proposes perspectives for future
work. Appendixes are used to expand specific ideas and modeling methodology that cannot be

included in the articles. An introduction in French complements each chapter.

The dissertation structure is presented in Figure 1-1.
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Chapter 1:
Context and
literature review
o Chapter 2:

Experimental study of low-velocity
impact behavior of hybrid structures

Appendix A:
— Hybrid structures fabrication

Experimental part = Chapter 3:
Experimental study of high-velocity Appendb_( B:
impact behavior of hybrid structures L, Clay witness validation and
modeling
. 4' Appendix C:
Chapter 4: Aramid epoxy semi-continuous
i Numerical modeling of epoxy | model development and parameters
Numerical part foam/aramid fabric hybrid identification
structures Appendix D:
Epoxy foam characterization
Chapter 5: and parameters identification
General conclusion and Appendix E:
perspectives Experimental and numerical

results for low-velocity impact

Figure I-1: Manuscript structure

The first chapter deals with the context, the problematic, and the literature review. This work
aims to study the impact behavior of a hybrid material subject to low to high-velocity impact.
The literature review focuses on the recent solutions used in protection systems, emphasizing
woven composite materials and polymer foams. Numerical strategies are presented to model
these materials; the semi-continuous approach is privileged to model the aramid composites

based on physical observations.

The second chapter sets out the behavior of the hybrid structure when subjected to low-
velocity impact. The structures are designed by varying numerous parameters, such as foam
density, the number of aramid fabric plies, and their location. The designed structures are tested
and examined based on load versus displacement curves, permanent indentation, capacity to

protect the back face, and damage morphology.

The third chapter presents the behavior of the hybrid materials when subject to high-velocity
impact. Several configurations are tested by varying the aramid fiber location and the epoxy
foam density. A technique used to test body armor is adopted in this chapter to study the
capacity to protect the back face of the structures.
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The fourth chapter presents the numerical modeling strategy used to model these hybrid
structures. It is based on the scenario of damage observed for the low and high-velocity impacts.
A model based on a semi-continuous strategy is used to represent the aramid plies. The epoxy

foam is modeled with an existing material law in the FE software RADIOSS.

The fifth chapter summarizes the objectives and perspectives achieved in this work. These
hybrid structures are potential structures for protection systems. Several design improvements
are proposed to improve the effectiveness-to-weight ratio of the hybrid structures. Moreover,

perspectives concerning the numerical model are presented.
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1.2 Literature Review

Various protection systems exist in the market, and their selection relies on the hazard type
and the intended application. This section presents an overview of the type of impacts that exist
and their classification, the experimental tests used in the literature to simulate those impacts,
and the current protection material. An overview of the application of composite material in the
protective domain is presented, along with the behavior of composite material under impact.
Then, an outline of the behavior of polymer foam under impact is presented. The numerical
tools are presented to simulate the damage inside the studied materials. Finally, a conclusion

summarizing the literature findings and redirecting the field of focus of this work is established.

1.2.1 Overview of impact and standard solutions for protection

1.2.1.1 Impact problematic

An impact is a collision between two bodies in a short period that causes a velocity change
in those bodies [1]. The impact can occur between fluid-fluid, fluid-solid, and solid-solid. The
fluid-fluid impact can include reservoir filling with liquid. Fluid-solid impact consists of
slamming and sloshing impacts. Hydrodynamic impacts can lead to critical damage. Slamming
impact can be characterized by a wave impact on the surface of a ship or the impact of an
aircraft emergency landing in the sea [2]. Sloshing is the motion of a liquid confined in a
container or reservoir. The excitation of this liquid causes damage to the wall of the structures,
which is contained in it [3]. Another fluid-solid impact is the bird strikes (Figure 1-2), the
contact between a moving vehicle and an airborne avian creature [4]. A bird strike is one of the
major causes of fatal failures in aeronautical fields; almost 90% of the damage resulting from

the impact of a foreign object is caused by bird strikes [5].
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Figure 1-2: Typical bird strike scenario [4]

The solid-solid impacts (Figure 1-3) can include the impact of the helmet of a cyclist on the
ground, a tool drop during maintenance on a vehicle or aircraft floor, a tennis bat on a ball, or
even a bullet on a tank or body armor.

Figure 1-3: (a) Vertical impact test on cyclist helmet [6], (b) bullets impacts on a body armor [7]
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1.2.1.2 Impact classification

All types of impact mentioned above can be classified according to the velocity of the impact
or its kinetic energy. The energy transfer between the impactor and the structure and the damage
propagation depends on the impact velocity and kinetic energy. Three types of impact velocities
can be listed:

a) Low-velocity impact: an extended contact between the impactor and the structure. In this
case, the structure will absorb more energy in proportion to the impact energy. The low-velocity
impactor has a speed between 1 and 10 m/s [8]. This impact can occur by a tool drop during

maintenance on an aircraft or vehicle floor [9].

b) High-velocity impact: less contact time than the low-velocity impact, dominated by stress
waves. The damage is localized, and the impactor's speed is generally between 100 and 1000
m/s. This type of impact can be represented by a bird strike on aircraft or bullets impacts on

body armors [8].

¢) Hyper-velocity impact: the damage is localized, and the impactor's velocity exceeds
1000m/s [8].

This study will focus on the low-velocity, 6 m/s, and high-velocity impacts that reach up to
180m/s.

1.2.1.3 Impact tests apparatus

Different experimental apparatus exists to simulate the actual impact structures undergo
during their service life. The drop weight test and the pendulum test are the most frequently
used to simulate low-velocity impacts, as for intermediate and high-velocity impacts, it is the
gas gun test [8].

Drop weight apparatus

The drop weight apparatus usually simulates a low-velocity impact of a large mass. The
velocity range of such a device can be from 1 to 10 m/s [8]. A weight is dropped from a

predefined height using a release system to reach the desired kinetic energy [10]. During the
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test, a sensor records the load with the time history. A sensor or a high-speed camera can capture

the velocity of the impactor before and during the impact, Figure I-4.

Release system

Acceleration sensor

Impact weight

|‘El\ | Pata acquisition scnsor

Cylindrical impactor

Foam specimen

Figure 1-4: Schematic of a drop-weight impact apparatus [11]
Pendulum impact

The Charpy test is one of the pendulum impact tests. This test aims to simulate a low-velocity
impact to identify the resistance of the impacted material [12]. Figure 1-5 shows the apparatus

of the Charpy test.

hy

(b)

Figure 1-5: (a) Apparatus and (b) schematic of the Charpy test machine [13]

10
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The specimens are placed horizontally on the apparatus. The impact is achieved when the
pendulum-like hammer is released from its system and strikes the specimens. The total energy
dissipated is calculated by multiplying the mass, the gravity, and the difference between hr and
hi [12].

Gas gun apparatus

The gas gun test is the most used to simulate high-velocity impact. The apparatus can
represent the impact of a bird strike on an aircraft or a bullet impact on a body armor material
[8,10]. Figure 1-6 shows a high-velocity impact apparatus. The projectile is launched at the
desired velocity through the compressed gas pressure contained inside the pressure vessel. A
high-speed camera is usually used to capture the velocity of the impactor before striking the
target. Another high-speed camera can be added at the other extremity of the structure to record

the residual velocity after impact in case of perforation.

Firing valve

Velocity
measurement

tl lZ
Pressure vessel u
—p

d

Figure 1-6: schematic of a high-velocity impact apparatus [14]

Target

The high-velocity impact test helps compare the tested structures based on the area of
damage, the mode of damage, residual velocity, if the projectile is stopped or not, and

permanent indentation.

However, a high-velocity impact test can identify another critical parameter: the back face
signature (BFS). The BFS is the trauma left by the impacted target on a backing material. The
backing material is usually soft clay, also known as a clay witness [15]. The objective of the
clay witness is to represent the consistency of the human body. This technique is used to assess

11
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the performance of body armor materials. The clay is heated before each impact at 40°C for
three hours to ensure a similar consistency between the clay witness and the human body [16].
Figure 1-7.a shows the apparatus of a high-velocity impact with a backing material. The target
is placed on the clay witness and fixed with elastic bands; the clay is confined within a wooden

box. After the impact, the BFS is measured underneath the impact area, Figure 1-7.b.

Clay Witness
\

Sm~ MBAS o
Target )
NS

J

Sm |

o~ Optical Barrier

-

“‘t

- P

Gun Barrel
é ' Start Circuit

Gun Mount

l Stop Circuit

llmc Counter

(a) (b)

Figure 1-7: (a) High-velocity apparatus with backing material, (b) BFS measurement on the backing material
[15]

1.2.1.4 Recent solutions for protection

The need to protect, save and guard is increasing with the threat advancement. Protective
materials are needed in day-to-day applications. Metallic materials, ceramics, cellular materials,
and high-performance textiles are the most used materials for protection applications. The
choice of a suitable protective material is based on the type of impact, the velocity, and the mass
of the projectile.

Metallic materials are one of the most primitive materials used for protection. Steel armor is
widely used in vehicle shielding [17]. Metallic armors have several benefits: their low price,

ability to be easily manufactured, and capacity to endure multi-impacts. Aluminum alloy is also

12
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introduced as a protective material for vehicle shielding (Figure 1-8); due to its relatively low

density compared to steel; thicker sections can be used to provide optimum protection [18]

Figure 1-8: Rear of a military vehicle made from an aluminum alloy plate [18].

In addition, metal is introduced in sandwich structures as a metallic foam core. Metallic foam
cores are characterized by a lightweight, high energy absorption and energy dissipation [19]. In
aerospace, aluminum honeycomb is used extensively due to its shock absorption capacity and
efficiency-to-weight ratio. For instance, the landing gear in Apollo 11 lunar module was made
from a crushable aluminum honeycomb[20].

Ceramic material is known for its high hardness and brittleness [18]. Ceramics are usually
used against ballistic impact, especially in body armor protection. Ceramics plates are vital in
a multilayered armor system (MAS) (Figure 1-9), where they are placed as impact face and
backed with less rigid material, Figure 1-9. The purpose of the ceramic tiles in a MAS is to
deform the head of the bullet and fragment it, then collect the shattered pieces.

Figure 1-9: Ceramic plates with different geometry as impact face in a MAS [21]

13
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In recent years, cellular material gained extreme interest as a potential replacement for
heavy and bulky protective materials. The microstructure of cellular materials, honeycombs,
and foams give them the advantage of high energy absorption. In addition to aluminum foams
applications in car bumpers for shock absorption [22], polymer foams also show good impact
resistance properties. Polymer foams are used in transport, packaging, and protection fields.
Polymer foams are a part of the protection system of military helmets (Figure 1-10), cyclist

helmets, and soccer players' protection accessories, i.e., shin and ankle protection [23].

Ventilation hole

Microshell

EPS liner
Headband

Retention straps

Figure 1-10: (a) Cyclist helmet with EPS, expanded polystyrene foam [23], and (b) military helmet with
composite shell and high-density polymer foam liner [17]

High-performance textiles are an excellent candidate for obtaining lightweight and efficient
protective material. Composite materials are lightweight materials used in various protection
fields, namely, personal protection, automotive, aeronautical, and naval. The most used fibers
in protection applications are aramid, UHMWPE (ultra-high molecular weight polyethylene),
carbon, and glass [17]. In the automotive field, composite materials are progressively
replacing traditional metallic parts, which help reduce weight and fuel consumption while

providing good impact resistance [24], Figure 1-11.

14
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Figure 1-11: Composite parts in an automobile [24]

In aviation, composite materials offer structural strength comparable to traditional metals
while decreasing the weight [4]. Figure 1-12 shows that around 50% of the Boing 787 materials

are composites.

Materials used in 787 body )
I Fiberglass M Carbon laminate composite :  Total materials used
M Aluminum I Carbon sandwich composite i By weight
Aluminum/steel/titanium : Other
Steel 3% Composites

50%

Aluminum
20%

By comparison, the 777 uses 12 percent
composites and 50 percent aluminum.

Figure 1-12: Usage of various materials in the Boeing 787 Dreamliner [25]
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Composite fabrics play an essential role in body armor, where most soft body armor that aims
to protect against stabbing and gunshots is made of composite textiles [17]. The most popular
fibers used in body armor are aramid and UHMWPE.

In the present study, the focus will be on composite materials and polymer foams as

protective materials.

1.2.2 Composite materials for protection applications

Composite materials offer a superior strength-to-weight ratio. These materials are widely
used in various applications, such as the transportation field, construction field, and military

applications, i.e., body armor and aircraft shielding.

Impact loading affects composite materials during their service life. The impact loading
might vary from a low-velocity impact to a high-velocity impact. The high-velocity impact can
be flying fragments striking aircraft during landing and takeoff, whereas low-velocity impact
can be a tool drop during maintenance. Hence, substantial efforts are made to improve the

impact resistance of composite materials.

Recent solutions are used to improve composites protection capacities, such as reinforcing
composites with nanoparticles, using different fiber architecture, and hybridization techniques.
The efforts also include inventing new ballistic fibers.

The design of an optimal safe structure comes from understanding its damage tolerance and
mode of failure. The damage modes depend on the loading type and its direction towards the
target, the velocity, and the kinetic energy of the threat. They include matrix cracks,
delamination, and fiber breakage. Numerical tools come in handy when designing composite
structures, especially protection applications. Finite element models proved to be an effective

way to predict the scenario of damage inside composite material while saving time and cost.
1.2.2.1 Overview of composite materials

Composite materials have two phases: the continuous phase and the reinforcement phase.
The reinforcement phase, the fiber, is embedded inside the continuous phase called the matrix.

The reinforcement can be woven, unidirectional, or nonwoven felt [17]. The most used
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protection applications are unidirectional and woven. In unidirectional laminates, fibers in a
single layer are parallel to each other, resulting in high load-carrying capacity in the direction
of the fibers. As for woven fabrics, two different types exist, the 2D and the 3D woven fabric.
2D woven fabric is characterized by interlacing two types of yarns, where yarns that run along
the fabric are called the warp, and the ones that float over and beneath the warp yarns are called
weft [26]. Figure 1-13 shows three different weaving patterns of a 2D woven fabric. 3D woven
fabric exists in three structures: the 3D braid, the orthogonal, and the multi-axial (Figure 1-14).

Different fabric structures are blended in some applications to optimize their impact resistance.

Warp

Figure 1-13: 2D woven fabric, (a) plain weave, (b) twill weave, and (c) satin weave [24]

(a) 3D Braid (b) 3D Orthogonal Weave  (c) 3D Triaxial Weave

Figure 1-14:3D fabric structure [26]

The role of the resin, the continuous phase, is to bind the fibers together and ensure load
transfer from one fiber to another. Two main types of the continuous phase, or matrix, exist

thermoset and thermoplastic.
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Thermoset resins include epoxy, polyester, and vinyl ester. Thermoset resins are most
common in structural, automotive, and aeronautical applications [27]; they are characterized by
low initial viscosity, rapid cure, and low curing shrinkage for dimensional control [28].
Thermoplastic resins include polypropylene, nylon, and Polyetheretherketone. Thermoplastics
are temperature-dependent, softening when heated and stiffening when cooled [29]. The
dependency on temperature limits the application of thermoplastic resins. However,

thermoplastic resins have high flexibility and efficient shock absorption
1.2.2.2 The behavior of composite material subjected to impact

The understanding of the mode of damage inside composite materials is vital. Composite
materials are subjected to low and high-velocity impacts, and knowing the damaging effect is
essential to designing improved structures. This section presents the damage modes in

composite materials that result from low and high-velocity impacts.
Low-velocity impact behavior

During their service life, composite materials are subjected to low-velocity impacts. Abrate
[14] indicates that the low-velocity impact results in fiber breakage, delamination, and matrix
failure. Delamination and matrix crack strongly depend on the matrix type, whereas fiber failure
depends on the fiber type. Figure 1-15 shows the different damage types according to the extent
of the impact [30]. Liu et al. [31] showed that the matrix cracks happen before the delamination,

resulting from property mismatch between fibers and matrix.

As for delamination, it results from a bending stiffness mismatch between two adjacent
layers. Delamination can be characterized by cracks between plies of different fiber orientations
[31]. Many studies tried to link delamination with matrix cracking. Ouyang et al. [32] study

revealed that delamination is more likely to occur when two inter-laminar cracks meet.
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Figure 1-15: Damage types of composite material [30]

Fiber failure happens at a later stage in the impact chronology. Fiber failure requires higher
impact energy than matrix crack to appear. Fiber rupture is due to exceeding the elastic limit.
The failure in the fibers underneath the impactor is due to high-localized stress, whereas on the
opposite side of the impact, fibers fail due to high bending stresses [14]. Fiber failure leads to

the final failure of the material due to a significant reduction in residual properties.
High-velocity impact behavior

Unlike low-velocity impact, high-velocity impact does not give the impacted structure
enough time to respond. Naik et al. studied the high-velocity impact damage mechanisms of
glass/epoxy and carbon/epoxy [33]. It is shown that the modes of damage are cone formation,
matrix cracking, delamination, shear plugging, and deformation of the primary and secondary

yarns.
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As the impactor strikes the target, this latter is subjected to compressive stress waves. Due to
compressive and transverse shear waves, the primary yarn and secondary yarns are subjected

to deformation.

Cone formation happens when the impactor strikes the target; the undamaged layers deform
in a conical shape on the back face of the structure. The cone is formed due to the shear waves
that propagate along with the thickness of the structures [26].

Primary yarns tensile failure: primary yarns are the most prone to failure since they are
located directly under the impactor. They face the higher strain and resist the most against
projectile penetration. They fail when the induced tensile strain exceeds the primary yard

ultimate strain.

Secondary yarns deformation: all yarns other than the primary are called secondary yarns;
they also take a share in energy absorption.

Figure 1-16 shows the cone formation on the back face of the target and indicates the location

of the primary and secondary yarns.
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Figure 1-16: Cone formation and yarns deformation [33]

Shear plugging is one of the effective energy absorption mechanisms in woven composites.
The shear plug is created due to the plugging stress around the impactor edges when it enters
the target [26]. Figure 1-17 shows a scenario of damage according to the impact velocity. When
the impact velocity exceeds the ballistic limit of the material, a cutout zone (plug) travels away
from the target (Figure 1-17.c). If the induced shear plugging stress exceeds the strength, a

failure in the material occurs.
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Figure 1-17: Shear plug formation [34]

Friction is another aspect involved in decreasing the impactor's kinetic energy. Friction
energy between the yarns and the impactor also contributes to energy absorption. Chu et al.
studied the effect of coating aramid fiber with particles deposed on the surface of the fibers to
increase inter-yarn friction [35]. The study deduces that the friction coefficient increases,

enhancing the impact resistance in woven composites.
1.2.2.3 Parameters influencing the dynamic behavior

Composite materials over the past decades proved to be good candidates for protection
applications. Nevertheless, the impact behavior of composite material can be influenced by

numerous factors. Efforts have been implemented to identify the factors that can influence the
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behavior of composite materials. Among those factors are the fiber architecture and weaving
pattern, fiber and matrix materials, the bonding type between the plies, the projective geometry,
hybridization, and friction [26].

Influence of fiber architecture

Fiber architecture plays an essential role in the response of composite material when
subjected to impact. Aramid fiber with different weaving patterns, twill, basket, and satin, was
tested when subjected to high-impact velocity. Samples of 1/1 plain weave, twill weave, 2x2
basket, and satin weaving construction are tested by high-velocity rifles [36]. The investigation
showed that high-speed 2x2 Basket fabric had the highest ballistic resistance performance than

the plain weave construction (Figure 1-18).

Figure 1-18: Fabrics after impact: (a) Steel-cored bullet test of 2x2 Basket weave fabrics, (b) Twill fabrics
with a steel-cored bullet removed, (c) General view of Satin weave fabric damaged with fibers drawn out, and

(d) General view of Plain weave fabric damaged with torn fibers [36]

Zhou et al. showed the influence of the weaving pattern of UHMWPE fibers on the impact
of its impact behavior numerically. The numerical investigation included five models of woven
fabrics: plain, 2/1 twill, 3/1 twill, 5-end satin, and 7-end satin. The study showed that plain
weave absorbs higher energy (Figure 1-19). The study revealed that this increase in energy
absorption might result from more intercalating points in the plain weave pattern, where stress

can be transmitted into a larger area of the fabric [37].
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Figure 1-19: Energy absorption of a single ply of UHMWPE [37]

Influence of matrix type

Many studies focus on the influence of the resin on the behavior of the composite laminates
behavior. Lee et al. [38] studied the effect of impregnation on the penetration failure of a woven
fabric of Spectra (UHMWAPE). The comparison is between samples with one ply of Spectra
non-impregnated and one ply impregnated with vinyl ester resin. The results show that the
impregnated sample absorbs higher energy than the non-impregnated. In addition, the

impregnated ply attains a higher peak load since a higher load is needed to break the yarns of
the fabric.

Vieille et al. [39] investigate the low-velocity impact response of carbon fiber with
thermoplastic (TP) and thermoset resin (TS). The thermoplastic resins used are PEEK and PPS,
and the thermoset resin is Epoxy. Figure 1-20 presents the load versus displacement curves of
carbon fibers impregnated with three different resins. Results show that carbon/PEEK, and
carbon/PPS composite absorb higher energy than carbon/epoxy. The study shows that

carbon/epoxy composite shows a higher delamination area than carbon/TP.
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Polymer resins can be reinforced by adding various toughening agents. Presently one of the
most popular fillers is carbon nanotubes. Carbon nanotubes are an effective way to improve the
mechanical properties of composites. Carbon nanotubes can be single-walled (SWCNT) or
multi-walled (MWCNT) [40].

Liu et al. studied the influence of adding 1wt.% of MWNT on glassy and rubbery epoxy
resin. They suggest that nanotube-based composite increase the fracture toughness and the
stiffness of the composite [41]. Davis et al. investigate the mechanical properties of a
carbon/epoxy composite reinforced by carbon nanotubes [42]. The properties studied are tensile
strength, stiffness, and resistance to damage and failure due to cyclic loadings. Compared to
un-reinforced composite, carbon nanotube-reinforced composite show improvement in the
mechanical properties without significant weight addition. It is proved that the carbon
nanotubes hinder the crack propagation inside the epoxy matrix, which was more critical in the

case of neat composite.

Studies show that carbon nanotubes are effective fillers for composite materials. CNT tends
to aggregate during fabrication resulting in a non-uniform composite. Adding the right amount
and ensuring a homogenous dispersion inside the resin is challenging and can affect the

expected mechanical properties.
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Influence of fiber type

One of the most important factors that influence the dynamic behavior of composite materials
is the properties of the fibers. Table I-1 shows some of the mechanical properties of several

fiber types that affect the energy absorption capacity and failure mechanisms in composite

materials.
Table I-1: Mechanical properties of some fibers used in protection applications [43]
Tensile Specific Elastic Specific Failure
Density  Strength  Strength  Modulus Stiffness Strain
Fibre (kg/m?) (MPa) (m?/s?) (GPa) (m?/s?) (%)
Aramid (low 1440 2900 2.01 x 108 60 4.17 x 107 3.6
modulus)
Aramid (high 1450 2900 2.00 x 108 120 8.28 x 107 1.9
modulus)
Polyethylene 970 2700 2.78 x 106 89 9.18 x 107 3.5
(low modulus)
Polyethylene 970 3200 3.30 x 108 99 1.02 x 108 3.7
(high modulus)
E-glass 2600 3500 1.35 x 10° 72 2.77 x 107 4.8
S-glass 2500 4600 1.84 x 108 86 3.44 x 107 52
Carbon (high 1780 3400 1.91 % 106 240 1.35 x 108 14
strength)
Carbon (high 1850 2300 1.24 x 10° 390 2.11 x 108 0.5
modulus)

Glass fibers are one of the most traditional fibers used in protection applications. Many
advantages make glass fibers popular even in the most recent application: high chemical
resistance, high tensile strength, and impact resistance [17]. Numerous glass fiber grades exist;
the most used nowadays are E-glass and S-glass. However, S-glass shows higher strength and
elongation at break than E-glass [43]. Okhawilai et al. [44] studied the impact response of S-
glass and E-glass as impact face of a protective system backed with aramid plies. The results
showed that S-glass as an impact face exhibit significantly less damage area and indentation
depth than E-glass. The authors justified this by the fact that S-glass possesses higher tensile
strength than E-glass, which leads to a higher capacity to withstand tensile force before failure.
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Regardless of the effective impact performance of glass fibers, several studies focus on the
potential of replacing glass fibers with cheaper fibers. Basalt fibers recently received significant
interest as a potential replacement for glass fibers [31]. Basalt fibers are organic, present low-
cost, and eco-friendly. Lopresto et al. [45] investigate the mechanical behavior of basalt fibers
and compare them to glass fibers. Results of standard tensile, bending, and compressive tests
proved that basalt fiber properties are superior to glass fiber and can be a potential replacement
(Figure 1-21). Manikandan et al. [46] studied the impact performance of acid-treated basalt
compared to treated glass. The pendulum impact test showed that the impact properties of
treated basalt are 90% higher than those of glass.

16 150 15
S ] [ @ Tensile | 1 |E Absorbed energy
= 1 |8 Maximum force
E 1 T O Flexural 120 12
o 12 1 T i O Compression | =
- 1 1 1 : ’ > 4
o o . :
Q o 90 + 9
o ol iy | - I
3 8 | o |
3 ] £ 60 6
o 1 e
S ] § J
L 4 — < 1
'8 1 30 3
Q. 4
m 4

0 T 0 T 0

Basalt Glass Basalt Glass
Material Material
(a) (b)

Figure 1-21: (a) Mechanical properties and (b) impact properties of Basalt and Glass fibers [45]

Carbon fibers are most used in the aeronautical, transportation, and protection fields. These
fibers possess excellent tensile strength and efficiency-to-weight ratio. Cartie et al.[47] studied
the low-velocity impact of two types of carbon fibers, Toray HTA and IMS. Results of the drop
weight test showed that. IMS fibers are 25% stiffer and 60% stronger than HTA fibers.

Aramid fiber is one of the most common fibers in protective applications due to its
exceptional impact properties. Aramid fibers exist under two main trade names, Kevlar® and
Tawron®. Abtew et al. [26] showed that aramid fibers (density 1.44 g/cc) have 43% less weight
compared to glass fibers (density 2.55 g/cc); they are two times stronger than E-glass and have
the same high strength as carbon fibers on a specific tensile strength basis. Aramid fibers are
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an essential component in multilayered armor systems, where they serve as backing material
for ceramic plates. Several studies focused on the potential of replacing Kevlar fibers with
natural and eco-friendly ones, such as Ramie and Curaua [15,48]. Both studies showed that the
primary role of Kevlar is to capture the fragments of the projectile, and hence natural fibers can

replace it with the characteristics of the same yarn.

Ultra-high-molecular-weight-polyethylene (UHMWRPE) is also among the high-performance
fibers and is progressively used in protection applications [17]. The mechanical and impact
performance properties of the UHMWPE fibers make them a real competitive of aramid fibers.
UHMWPE exists under Dyneema™ and Spectra™. According to the manufacturer data sheets,
it has a 40% higher strength-to-weight ratio than aramid fibers [26,49].

The impact performance of Kevlar® aramid, Spectra® polyethylene, and Zylon® PBO was
investigated and compared to an aluminum alloy plate as a part of the FAA research program
[50]. Results showed that Kevlar and UHMWPE absorbed 6 to 7 times as much as the aluminum

alloy plate (on an equal areal density basis), yet PBO absorbed 13 times as much energy.

The mentioned fibers above have excellent impact behavior; nerveless, recent studies focused
on the potential of improving the behavior of the fibers by adding reinforcement. Shear
thickening fluid (STF) is one of the additions that can improve the performance of fibers. STF

is a non-Newtonian fluid that increases in viscosity when subjected to impact.

Lee et al. [51] studied the influence of the addition of STF on the ballistic performance of
Kevlar fibers. The comparative study investigates the behavior of Kevlar fabric impregnated
with STF and Kevlar fabric non-impregnated. The samples are tested with a gas gun at a
velocity of 244 m/s. Results show that the impregnated samples with STF dissipate higher
energy Figure 1-22. The authors justified this increase in energy dissipation by increasing inter

the yarn pull-out force upon the transition of the STF to its rigid state.

28



Introduction and literature review

STF
100 = impregnated
Kevlar

JAN
B

80

N

m '5 “&
L

S

Energy Dissipation (%)

L

E

o

el

o

Target

Figure 1-22: Energy dissipation of targets not impregnated with STF (A, B, C, and D) versus targets with
impregnated aramid with STF (E and F) [51]

Influence of hybridization and layering sequence

High-performance fibers offer an excellent strength-to-weight ratio in many application
areas. However, recent researchers focus on mixing different types of fibers, aiming to get an
improved material. This technique is called hybridization. Hybridization in composite materials
IS a technique where two or more materials are bound together in a common matrix. Hybridizing

several fibers can produce higher performance than composite material with single fibers.

Tirillo et al. [52] investigated the behavior of hybrid carbon-basalt/ epoxy composite
subjected to high impact velocity. Carbon fibers have high tensile strength but low toughness
and poor impact resistance. The role of Basalt fiber is to improve the resistance of carbon since
it is a ductile fiber. Configurations with different layering sequences are presented, having
sandwiches layering, BCBS and CBCS, or intercalating layering, BCBI, and CBCI, where B is
Basalt, C is Carbon, and S and | denote sandwich and intercalating, respectively. A gas gun
tests the laminates at a velocity of 474 m/s. Results show that hybrid laminates have a higher

energy absorption than carbon laminates, especially those with a higher number of basalt layers,
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Figure 1-23. The flexural strength of the hybrid laminates has slightly decreased, but it is

compensated by a better energy absorption mechanism, higher ballistic limit, and lower cost.

The authors also showed the influence of the layering sequence of Basalt and Carbon fibers
in the hybrid laminates. Results showed that intercalating structures attain a higher ballistic
limit, especially those with higher basalt content; this might be due to the high number of

interfaces that lead to better impact performance.
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Figure 1-23: Absorbed Energy vs. Impact Energy for all configurations [52]

Chen et al. [53] compared the low-velocity impact behavior of conventional carbon, glass,
and basalt laminates with hybrid laminates with a sandwich-like layering sequence. Results
showed that carbon fibers attain the lowest peak load among the entire configuration and display
a progressive failure after reaching the peak Figure 1-24. Hybrid configuration, conventional
glass, and basalt laminates show a sudden drop in load after reaching their peak load. It was
shown that hybrid laminates have an improved impact performance over carbon fibers
regardless of the configuration. According to the authors, ductile fiber dominates the major

mechanical performance regardless of stacking sequence and fiber types used.
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Figure 1-24: Impact force-displacement curves for (a) CFRP laminates hybrid with basalt fiber layer, (b)
CFRP laminates hybrid with glass fiber layer [53]

Bandaru et al. [54] studied the ballistic performance of hybrid Kevlar-basalt/PP composite.
Two configurations are tested non-symmetric (H-1) stacking and symmetric (H-2) stacking
(Figure 1-25). The impact test is through a gas gun at 395 m/s. The results show the importance
of stacking sequences in hybrid laminates. The structure with 3D woven aramid as impact face
(K3D) attains higher ballistic limit and lower back face damaged area.
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Figure 1-25: Stacking sequence of hybrid structures [54]

Studies that deal with hybridization agree that the fiber type, the number of layers, and the

stacking sequence play an essential role in the impact response of the hybrid structures.
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Influence of impactor geometry

Besides the factors that depend on the composite laminates, layering, fiber type, and matrix
type, the impact test conditions greatly influence the behavior of the composite laminates. The
geometry of the projectile can significantly influence the response of the impacted structures.
Ulven et al. [55] studied the influence of the shape of the projectile on carbon/epoxy laminates
when subjected to high-velocity impact. The impacted laminates are tested with conical, flat,
hemispherical, and fragment-simulating projectiles. The tests were conducted on a 6.5- and 3.2-
mm thickness. The conical shape projectile resulted in the highest energy absorption at the
ballistic limit, then the flat, hemispherical, and fragment-simulating projectile (Figure 1-26).
The authors also described the dominant mode of failure resulting from all the impact,

characterized by plugging and separation of fibers.
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Figure 1-26: Energy absorption of carbon/epoxy laminate when impacted with different projectiles geometry
[54]

A single aramid (Tawron®) plain woven ply is tested with a high-velocity impact with
numerous projectile geometries, hemispherical, flat, ogive, and conical. The impact resulted in
different modes of failure associated with each impactor geometry. Yarn pull-outs were more
significant in hemispherical projectiles than ogive and conical shape projectiles due to their

capacity to slip through the fabric [26,61]. The end of the yarns impacted by the flat projectile
seemed to be even and in order (Figure 1-27).
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Figure 1-27: (a) The geometry of the projectiles, and (b) Yarn failure of 1ply of Tawron® when subject to

different projectile geometries impact [56]

1.2.2.4 Modeling of failure mechanism in woven composites

Energy absorption mechanisms in woven composites are numerous. They can be affected by
several parameters, namely, the fibers properties, the resin properties, the thickness of the
structure, the stacking sequence, and the mass and shape of the impactor [8]. Hence, numerical

models are essential to predict woven composite behavior while saving time and cost.
Modeling scales

A numerical model that can study the impact behavior of woven composite is a model that
can represent the damage mechanism seen physically during impact. Modeling composite
materials can be challenging, especially if there is an interest in representing the actual damage
mechanisms. Several scales exist for modeling composite plies: the microscale, the macroscale,

the mesoscale, and the multiscale, Figure 1-28.
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Figure 1-28: A schematic representation of the various scales involved in modeling the damage

the behavior of composites [57]

The macroscopic scale modeling is based on the level of the laminate or sub-laminate. It is
usually used for modeling significant scale structures. The rule of mixture based on the laminate
plate theory can define the properties of the lamina in this modeling scale. This model aims to
predict the global response of the laminate, the global stiffness, load-carrying capacity, stability,
and post-peak behavior of the laminates rather than predicting the detailed damage events [57].

The damage criteria in such models can be based on Tsai-Wu or Tsai-Hill criteria [58].

The microscopic scale is based on the fiber level. The primary purpose of this modeling scale
is to understand the physical behavior of the composite. This modeling scale is not used for
design engineering problems. The modeling is based on a representative unit cell with a detailed
geometry. Several studies focused on microscale modeling to investigate the progressive
failure, fiber-matrix debonding, and friction [59-61]. This modeling scale is unsuitable for large

structures due to the high computational time.

The mesoscale, ply-based model is intermediate between macro and micro-level modeling.
Homogenous layers represent the laminates or sub-laminates throughout the thickness [62], and
the interface can be added between the layers to model the delamination [57]. This modeling

scale can predict the essential mode of failure in composite laminates: delamination, fiber
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failure, and matrix crack. Mesoscale modeling can represent the fabric architecture and the

yarn-to-yarn interaction, making it suitable for modeling impact problems [63].

The multiscale model is a recent modeling strategy that represents the behavior of the
material/structure at different scales [57]. Two types of multiscale exist, the hierarchical and
the concurrent multiscale models. Hierarchical is one of the popular approaches, where the
property of the material is transferred from microscale modeling to macroscale modeling, using
homogenization theories [57], [64]. As for the concurrent multiscale modeling, both scales can
exist simultaneously in the model. The macroscopic scale represents the undamaged areas,
whereas the microscopic scale models the damaged area.

Modeling approaches

Modeling the damage evolution and fracture in the composite material can be achieved by
several modeling approaches. The continuum and discrete are the most used.

a) Continuum damage model

The continuum damage model is typically used to model intralaminar damage. The
continuum damage mechanics (CDM) aims to predict the influence of microscale damage on
the macroscale level. This prediction is made through mathematical relations linking the
damage to the macroscale properties of the material [57,65]. Those relations can be based on
stress, strain, or energy equivalence [65]. The damage prediction of composite material can be
complex. Thus, several damage variables can be introduced into the stiffness matrix. A

challenging aspect of the CDM is the damage variable evolution.

b) Discrete damage model:

This approach aims to model the intralaminar damage and the interlaminar one. This
approach uses interface elements to model the interlaminar damage. The differentiation
between those two modes of damage introduces a discontinuity, making the approach discrete.
Several studies used this modeling approach to simulate the interlaminar damage
(delamination) in composite materials since it is the principal failure mode. Lammerant et al.

[66] were the first to introduce the discrete modeling approach, where they searched to
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understand the coupling between matrix cracks and delamination. Shi et al. [67] also used
cohesive elements between the plies to predict the delamination in composite laminates when
subjected to low-velocity impact. The study showed that the numerical model could predict a

similar delamination area compared to experimental results.

Bouvet et al. [68] proposed a modeling approach called Discrete Ply Modeling Method; the
model introduces cohesive elements representing the interlaminar and intralaminar damage
Figure 1-29. The coupling between intra- and inter-laminar damage is considered. Refined mesh
size is a must in this model to represent the ply's orthotropic behavior. Four different mesh types
are developed at 0°, 90°, 45°, and -45°. The proposed model could represent the impact response

on UD carbon/epoxy fibers taking into account the relationship between matrix cracking and

delamination.
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Figure 1-29: Discrete ply model approach [68]

¢) The semi-continuous approach:

The semi-continuous approach is a modeling strategy based on the mesh level of the woven
plies. The semi-continuous modeling strategy was found by Navarro et al. and further
developed by Pascal et al. [74, 75]. The main principle of this strategy is to differentiate between
matrix and fiber failure. Navarro et al.[69] first introduced the semi-continuous approach. It can
represent the continuous behavior of the undamaged composite plies and the discrete behavior
where the fibers are left non-stabilized when the matrix is fully damaged. The model was further
developed by Pascal et al. [70] to respect the weaving patterns of composite laminates; a

graphical representation of this model is shown in Figure 1-30. In the presented model, shell
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elements represent the matrix, and rod elements represent the fibers, which exist in five different
configurations to represent the fibers' weaving pattern. Virtual nodes are used to place the fibers,
and they are distanced of h /4 from the neutral axis of the shell element (h is the ply thickness).
The connection between the shell elements and the virtual nodes happens through rigid
links. This approach has many advantages; it can model the non-stabilized fibers even when the
matrix is damaged and is based on physical observation. It can represent the architecture of the
fabric.

€poxy shell
resin element

/ﬂ s
4« ¢lementary

fibre « rod
bundles  elements

mesh size

Figure 1-30: Modeling strategy of 5-harness satin woven ply [71]

Numerical modeling of impact damage

Modeling the impact damages (matrix cracks, fiber failure, delamination) that are generated
from impact loading can be classified into four categories: a failure criteria approach (which
can be based on the equivalent stress or strain); a fracture mechanics approach (based on energy
release rates); a plasticity or yield surface approach, and a damage mechanics approach [72].

Starting with the failure criteria approach, it includes the Chang-Chang [73] and the Tsai-Wu
[58] failure criteria. These types of criteria can be complemented by any type of fracture

mechanics approaches. Hou et al.[74] added a Brewer-Lagace criterion to model delamination
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in addition to Chang-Chang failure criteria to model fiber failure and matrix crack. Failure

criteria are often mixed fracture mechanics, and damage mechanics approach.

The damage mechanics approach is usually applied to matrix cracking. This approach can

apply to intralaminar damage if a proper link to fracture mechanics is defined [72].

Plasticity is used to model particular behavior characterized by permanent deformation seen

in some composite materials.

All the approaches discussed are usually combined to result in realistic modeling. In their
developed numerical model, Shi et al. [67] used Hashin criterion and Puck Schurmann criterion
to simulate the damage initiation in the fibers and the matrix. However, the damage evolution

was simulated by an energy-based variable that can be defined for each failure mode.

1.2.3 Polymer foams

This section describes the areas where foams are used for protection applications, the
different types of polymer foams, the energy absorption mechanism, and the numerical models

used to simulate the impact on foams.
1.2.3.1 Overview on foams

Cellular materials are among the most popular materials for their energy absorption
capacities. Foams and honeycombs have gained significant interest in automotive, aeronautical,
packaging, and personal protection. Foams can be created from widespread base materials,

metal, ceramic, and polymers.
Areas of Application

Foams can be found in many sectors for protection, transportation, construction, packaging,

personal protection, and many more.

It is essential to provide high performance against impact and crash while maintaining
lightweight in the automotive industry. Metallic foams, especially aluminum foams, are widely

used due to their high stiffness and gas permeability [22]. In recent years, polymer foams proved
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to be an efficient material when high-energy absorption is required. Polymer foams are applied
in energy-absorbing structures, such as head impact safety components in cars [75]. Rigid
polymer foams are also a lightweight and low-cost reinforcement for side impacts in modern
cars. Another application for foams in the automotive sector is in the bumper. The bumper is
subjected to impact, and its role is to offer high-energy absorption levels to prevent the transfer
of the shock waves from the car to the driver and passengers. Polymer foams such as PU are
the most used bumper materials since they can provide high toughness yet high shock
absorption [76].

Polymer foams are a good candidate for the packaging industry. Modern packaging relies on
cost-effectiveness and high-energy absorption materials. Polymer foams are the most used for
these applications since it is lightweight and can provide protection against impacts during
transportation. Heavy electronics and devices are protected by polymer foam to provide safety
while adding low additional weight [77]. Polymer foams are preferable for stacking, among
other materials, due to their high compression resistance. In particular, polymer foams are also

used for military packaging applications, i.e., weapons and missiles.

Polymer foams are essential materials used for personal protection. Head injuries can be life-
threatening. Hence, foams are widely used in helmets for civilians and the military. Bicycle
helmets are made from Expanded Polystyrene or PU foams [23]. Military helmets are designed
with high-density polymeric foams to protect against non-ballistic impacts and fragments [23].
Foams are used in numerous sports to protect players from impacts, such as football and rugby
[23]. The application areas include shin guards, ankle protection, and goal padding. Polymeric
foams are advantageous for personal protection applications due to their high-energy
absorption, wearability, and lightweight.

In the following sections, the focus will be on polymer foams.
Fabrication of polymer foams

Foam materials are built from various base materials like polymers, metals, ceramics, and
glasses [78]. The fabrication process of polymer foams is mainly divided into mixing and
molding [79]. In the mixing phase, bubble nucleation or foaming happens. The foaming process

can be achieved through mechanical, physical, or chemical [80].
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In mechanical foaming, the polymer is mixed mechanically or frothed for the air to get inside
the liquid polymer and form the foam system. The advantage of this technique is that no
additional foaming agent is needed.

As for physical foaming, a low boiling point agent is added to the polymer before frothing.
The liquid mix is heated to change into foam.

Two chemical solutions (polymers) are combined and frothed mechanically in chemical
foaming. A chemical reaction produces gases; afterward, the polymer is foamed by pressuring
and heating [80].

Polymer foams can be categorized according to their raw material: thermoplastic, thermoset,
and elastomers [78]. Thermoplastic foams include Polystyrene (PS), Polyethylene (PE), and
Polyvinyl chloride (PVC); thermoset foams include, Polyurethane (PU), Phenolic resin, and
Epoxy resin [79].

Foams microstructure

The mechanical behavior of polymer foams depends on their fabrication process, cell
microstructure, and density. Two types of cell microstructures exist closed-cell and open-cell

foam.

A closed-cell foam consists of a wall surrounding all the cells, separating them from one
another. Open-cell walls are open to each other, making it impossible to entrap gas or liquid
inside. As a result of the cell microstructure, closed cells tend to be stiffer where the cell
geometry resists air leakage and shows more strength than open cells, where the foam tends to
be softer [79,81,82].

The mechanical properties of polymer foams are proportional to their densities. The
mechanical strength of a polymer foam decreases when the porosity increases. Feng et al. and
Gibson [78,80] both show the influence of the density on the mechanical properties of polymer

foams.
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1.2.3.2 The behavior of polymer foam subjected to impact

The response of polymer foams, when subjected to impact, is extensively studied.
Understanding their behavior when impacted is crucial to designing improved protective

systems.

Under compressive loading, all-foam stress-strain curves show three regions: linear-elastic
or Hookian region, plateau region, and densification region [77]. Figure 1-31 shows the stress
versus strain of an elastic-plastic foam under compression loading. The linear elastic region is
governed by the bending of the cell walls, where Young's modulus is the slope of this linear
behavior. The collapse of the cells characterizes the plateau region; elastic buckling for
elastomeric foams and brittle crushing for brittle foams such as ceramic or epoxides. When all
the cells are crushed or compacted, a rapid increase in stress describes the densification region

[77,78]. The energy absorption happens in the plateau region, where the cells collapse.
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DENSIFICATION

STRESS, o
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Figure 1-31: Stress-strain curve of an elastic-plastic foam under compressive loading [78]

Ouellet et al. [83] studied the influence of strain rate on the behavior of polymeric foam. The
polymeric foam samples were compressed using a drop weight tower at a strain range of 101 to
102/s. Results showed that the polymeric foam response strongly depends on the strain rate.
When the strain rate increased, the elastic modulus of the material and plateau increased, and

the densification strain decreased (Figure 1-32). The authors supposed this behavior is more
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significant with closed-cell foams, where the air entrapped is compressed locally within the

cell, increasing strain rate sensitivity.

Stress

Increasing strain rate

1 " :
Densification

Plateau
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Figure 1-32: Strain rate dependency under compressive loading [83]

Yan et al. [84] also studied the influence of the strain rate on the behavior of polymer foams

under compressive loading. The study similarly revealed that when the strain rate increases, the

plateau stress increases, and the densification happens sooner. The behavior of the polymer

foams is monitored by the speed at which the air escapes the foam cells.

The foam density also greatly influences its behavior under compressive loading. As the

density of the foam increases, the material elastic modulus and plateau stress increase as well

[85].

The density of the foam as well influences its tensile response. Kabir et al. [86] showed that

the tensile modulus increases as the density increases Figure 1-33.
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Figure 1-33: Tensile behavior of different foam densities [86]

The foam response to tensile stress is first linear elastic controlled by bending and stretching
the cell walls. Elastomeric foams show a linear behavior. In contrast, plastic foams attain a yield
point and an augmentation in stress until failure. However, brittle foams show a significant
brittle failure after the elastic region, where cracks propagate rapidly throughout the structure
[77].

The behavior of polymer foams under impact can be analyzed through a force-displacement
curve and a visual inspection of the sample. The impact of behavior is extensively studied in
the literature. The impact starts with localization, localized deformation underneath the
indenter. The cells' shape deforms and leads to local strain rates. A second phase, the micro-
inertia, follows the local deformation, characterized by buckling of the cells. Finally, the
densification, where the stress increases rapidly when the cell walls are in contact [77]. The
energy absorption mainly happens in the second feature when the cell walls collapse, and

particularly for brittle foam, energy absorption occurs by cell fracture and crushing.
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Zhang et al. [87] studied the dynamic impact response of three different foam densities, EPS

9, 13, and 18 (kg/m?). The force versus time curve shows that the foam with higher density,

EPS18, attains the higher force, followed by EPS13 and then EPS9 (Figure 1-34). The impact
time also decreases when the foam density increases.
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Figure 1-34: Force versus time of different foam densities subjected to impact [87]
1.2.3.3 Polymer foam reinforcement

Regardless of the advantageous properties of polymer foam, recent studies make a great
effort to improve its mechanical properties to increase its potential in future applications.
Reinforcement of polymer foams can be achieved by integrating fillers and reinforcing particles
in fabrication. Those reinforcements aim to obtain mechanical properties superior to those
obtained in ordinary or foam without reinforcement. Those properties include increased
modulus, strength, and energy absorption; modulation of electrical properties; and tailoring
thermal properties such as thermal expansion, thermal conductivity, and glass transition
temperature (Tg) [88]. Fillers are tiny solid particles that are typically used in small quantities
to enhance the value of the foam, and they include fibrous fillers (glass fiber, aramid fiber, and

carbon fiber), Nanofillers (hanoclays, graphite nanotubes), and rubber particles [89].

Fibrous fillers can be in the form of chopped strands of fiber filament. They act to reinforce
the foam by switching the stress from the low stiffness foam to the fibers [90]. Yang et al. [91]

studied the behavior of Polypropylene (PP) thermoplastic foam reinforced by short glass fibers
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(diameter of about 13 um). The study proves that adding around a 20% wt ratio of GF to the PP
foam improves the tensile strength and modulus, the specific bending stress, and modulus by
59.45%, 54.81%, 94.75%, and 82.42%, respectively, compared to neat PP foam. As for short
carbon fibers, Wenzhe et al. [92] show that adding short carbon fibers (SCF) to epoxy foam
improves fracture toughness up to 113% compared to neat epoxy foam. Organic fiber can also
be a successful additive to polymer foams; studies dealing with Kenaf fiber [93] and bamboo
fiber [94] as a reinforcement show that their addition improves the mechanical and thermal

properties of the foam compared to ordinary foam.

Carbon Nanotubes, Nanofibers, and rubber particles as reinforcement are also very popular
since they have low density due to their hollow core [88]. Awad et al. and Kumar et al. [95,96]
both study the addition of MWCNT to polymers foams. Both studies prove that adding
nanoparticles improves mechanical properties (tensile strength and modulus) and thermal
stability.

While adding reinforcement into the epoxy foams might increase the fracture toughness,
introducing those fillers significantly decreases compressive strength compared to neat

unreinforced foam [92].
1.2.3.4 Modeling of foams
Modeling scales

Cellular materials and foam, in particular, show a mechanical behavior dependent on the
foam base material, density, foaming process, and microstructure [78]. This diversity in

mechanical behavior makes its numerical modeling complex and challenging.

Several studies drew significant attention to modeling the behavior of polymer foams. The

modeling scales are microscale, mesoscale, and macroscale [97] (Figure 1-35).
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Figure 1-35: Characteristic and material properties associated with each modeling scale [97]

The micro modeling scale can describe the heterogeneity of the base material itself. In this
type of modeling, the covering scale is between 10 and 10*m [97]. As for mesoscale
modeling, it can represent the cell morphology while considering homogenous base material
properties. Several studies focused on the influence of microstructure heterogeneity (cell wall
imperfection, precipitation) on the behavior of foams. The cell microstructure can be replicated
and constructed with mathematical or experimental approaches. Li et al. [98] studied the effect
of the foam cell size on its dynamic behavior. The microstructure of the cell was constructed
based on a 3D model. The study showed that the cell size could influence Young's modulus of

the material.

Finally, the foam is considered homogenous and treated as a continuum material at the
macroscopic level. This modeling scale is the most suitable for design and engineering
applications; it can represent the average response of the structure as a meso or micro-scale

collection.

After mentioning the influence of the microstructure on the behavior of cellular material, and
the advantages that micro and meso scale modeling can offer, it induces a great computational
time. An optimized modeling strategy will be based on multiscale modeling, where the bulk
material behavior is linked to the cell structure or base material. Aubry et al. [99] proposed a

numerical model based on the microstructure behavior while improving the computational time.
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The authors studied the behavior of a Rohacell polymeric foam with a repetitive unit cell model.

The modeling strategy possesses a change in scale approach to link the micro and macro scale.
Constitutive material models for foam

Foam material models can be differentiated into non-linear elastic and elastic-plastic. For
the non-linear elastic, the response is calculated from a strain energy function [23]. The non-
linear elastic foam behavior, usually presented by high compressible low-density foams, is
modeled based on the hyper-elastic and viscoelastic theories. A non-linear stress-strain
relationship characterizes these models; hence, shape functions are used to find stress-strain
curves by fitting methods [23]. Ogden [100] proposed a strain energy function to derive the
stress-strain relationship for isotropic foams. Then, Jemiolo et al. [101] extended this model to

cover the anisotropy under finite deformation.

On the other hand, the elastic-plastic constitutive models include the most classic one
developed by Deshpande and Fleck [102], which is also known in the commercial FE package
Abaqus under "crushable foam" [103]. Deshpande and Fleck's model is based on defining a
yield surface, and the evolution of this surface has been studied for uniaxial and hydrostatic
stress paths. The developed model applied to the metallic foam showed good agreement
between experimental and theoretical results. While this model defined the hydrostatic strength,
getting this type of data was challenging. However, Carranza et al. [104] propose a
characterizing procedure for crushable foam applied to polymeric foam by defining the yield
surface by more straightforward uniaxial tests. As for foam failure, a user subroutine is added
to account for failure in tension and shear. The study showed good agreement between

numerical and experimental results.

1.2.4 Conclusion

This bibliographical study allows examining the present knowledge on protection systems

against low and high-speed impacts in numerous fields.

A specific interest is given to composite materials. Over the past decades, composite material
proved to be a good candidate for protection applications and was able to replace conventional

protective methods. Recent research highlighted the importance of hybridization and twinning
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between two or more materials to produce a hybrid material with superior properties to the
originals. That being the case, another high-energy absorbent material is studied: polymer
foams. The bibliographical study showed the diversity of application of polymer foams in
protection applications. Based on this knowledge, this work will present a hybridization
between aramid plies and polymer foam and a study of the protection capacity of this material
when subjected to impact. This protection capacity is studied for low-velocity impact simulated

by a drop weight test and a high-velocity impact simulated by a gas gun test.

The choice of aramid plies is based on its excellent strength-to-weight ratio and its popularity
in impact application. As for the polymer foam, three different densities are chosen to

investigate its influence on the mechanical behavior when combined with aramid plies.

A predictive numerical model is proposed to simulate the impact on the hybrid structures.
Presently, several numerical models can replicate the behavior of the studied materials. Each
modeling strategy encounters its complexity, time consumption, and accuracy. The numerical
approach used to model the aramid plies is based on the semi-continuous approach. The semi-
continuous approach is adopted since it can represent the damage to the composite material
when subjected to impact while characterizing the actual waving pattern of the fabric. The
polymer foam will be modeled on a macroscale with a classical material law in the FE software

RADIOSS since it can represent the mechanical behavior of the epoxy foam tested.
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Experimental study of low-velocity impact behavior of hybrid structures

Chapter I1. Experimental Study of Low-
Velocity Impact Behavior of Hybrid Structures

Résumé en francais

ETUDE EXPERIMENTALE DU COMPORTEMENT DES STRUCTURES HYBRIDES
FACE AUX IMPACTS A BASSE VITESSE.

Introduction :

Cette etude porte sur le comportement des structures en mousse époxy renforcées par des
tissus d'aramide soumis a 1’impact poids tombant. Le nombre de couches d'aramide, leurs
emplacements dans la structure, et I'influence de la densité de la mousse sont étudiés. Des essais
d’impact poids tombant a basse vitesse sont effectués. Les courbes effort-déplacement, la

morphologie du dommage et I'indentation permanente sont analysées.

Principaux travaux et résultats :

Les structures hybrides sont fabriquées avec trois densités différentes de mousse époxy
(PB170, PB250 et PB400 kg/m®). De nombreuses configurations sont testées en faisant varier

le nombre de plis d'aramide et leur emplacement.

Les structures sont impactées avec une énergie de 40 J en utilisant une tour de chute. Lors de
l'impact, I’indentation que les structures provoquent sur le matériau support en plastiline est

mesurée. La capacité de protection des différentes configurations testées est ensuite comparée.

L'analyse des résultats expérimentaux et le dépouillement des essais d'impact a basse vitesse

ont permis de deduire les points suivants :

- Lorsque la densité de la mousse augmente, sa capacité a résister a l'impact augmente

également.

- Un ou trois plis d'aramide au milieu de la mousse époxy améliorent le comportement en
diminuant la propagation des fissures et en atteignant un effort maximal plus élevé par rapport

a la mousse sans fibre.
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L'emplacement des plis d'aramide peut grandement influencer la morphologie des
dommages de la structure. Lorsque le pli d'aramide est placé comme face d'impact, la raideur
de la structure augmente. Lorsque le pli d'aramide est placé comme face arriere, il empéche la

propagation des fissures.

- Dans les structures bi-mousse, lorsque la face d'impact est de densité plus élevée, la réponse
a l'impact des structures est améliorée : I’effort maximal est plus élevé et 1’indentation

permanente est plus faible.
Conclusion :

Cette ¢tude montre qu’une combinaison réfléchie entre les plis d’aramide et la mousse époxy
peut empécher la rupture de la mousse fragile et augmenter sa raideur initiale. Les essais
d’impact a faible vitesse ont permis de comprendre le scénario de dommage des structures
hybrides. En se basant sur ces essais, des conclusions ont été tirées dans I’objectif d’optimiser
I’architecture de ces structures hybrides. Ainsi, une densité plus élevée sur la face d’impact
entraine une meilleure réponse a I’impact. De plus, les plis d’aramide peuvent augmenter la
rigidité des structures lorsqu’ils sont placés sur la face d’impact et empécher la propagation des

fissures lorsqu’ils sont mis en ceuvre sur la face opposée a I’impact.

Les essais réalisés ont également été utilisés comme référence pour la validation du modéle

numérique présenté dans le chapitre 1V.
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Dynamic response of epoxy foam structures reinforced by aramid plies subjected to low

velocity impact

L. Boutros, P. Navarro, S. Marguet, I. Tawk, J.F.Ferrero

Abstract:

This study investigates the impact response of epoxy foam structures reinforced by aramid
woven fabrics through drop weight tests. The number of aramid plies and their location are
varied, and the influence of foam density is studied. Low-velocity drop weight tests are
conducted. Load-displacement curves, the morphology of damage, and indentation are
analyzed. Results reveal that increasing the number of aramid layers in the middle of the
structure improves crack propagation and increases the peak load. In addition, adding one
aramid layer to the structure's back face hinders crack propagation. A parameter called back
face signature (BFS) is measured to study the protection capacity that the hybrid structures
possess. The back face signature indicates the level of trauma left by the impacted structure on
the backing material, usually called clay witness. Finally, in bi-foam structures, having a higher

density as an impact face leads to an improved protection capacity.

1.1 Introduction

Cellular materials are essential lightweight materials used progressively in several
engineering areas for thermal insulation, electromagnetic interference shielding of an electric
component, and core material for sandwich-type composite materials. In this study, the
behavior of epoxy foam reinforced by aramid fibers under low-velocity impact will be

investigated experimentally.

Foam materials are built from various base materials like polymers, metals, ceramics, and
glasses [1]. The fabrication process of polymer foams is mainly divided into mixing and
molding [2]. The foaming process can be achieved through mechanical, physical, or chemical
[3]. Mechanical foaming is where the polymer is mixed mechanically or frothed for the air to
get inside the liquid polymer and form the foam system. As for physical foaming, a low boiling

point agent should be added to the polymer before the frothing to create the foam system.
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On the other hand, chemical foaming is when two chemical solutions (polymers) are added
together and frothed mechanically. At this point, a chemical reaction occurs and produces gases.
Afterward, the polymer is foamed by pressuring and heating [3]. Polymer foams can be
categorized according to their raw material: thermoplastic, thermoset, and elastomers [1].
Thermoplastic foams can include, Polystyrene (PS), Polyethylene (PE), and Polyvinyl chloride
(PVC); thermoset foams include, Polyurethane (PU), Phenolic resin, and Epoxy resin [2].

The mechanical behavior of polymer foams strongly depends on the fabrication process, base
material, morphology of their microstructure, and density. Under compressive loading, all-
polymer foam stress-strain curves show three different regions: linear-elastic or Hookian
region, plateau region, and densification region [4, 1]. The linear elastic region is governed by
the bending of the cell walls, where Young's modulus of the foam is the slope of this linear
behavior. The collapse of the cells characterizes the plateau region; elastic buckling for
elastomeric foams and brittle crushing for brittle foams such as ceramic or epoxides. When all
the cells are crushed or compacted, an increase in stress describes the densification region [4,
1]. The tensile response of polymer foams is also connected to the foam density and raw
material. The foam response to tensile stress is first linear elastic controlled by bending and
stretching the cell walls. Elastomeric foams show a linear behavior, whereas plastic foams attain
a yield point and an augmentation in stress until failure. However, brittle foams show a
significant brittle failure after the elastic region, where cracks propagate rapidly throughout the

structure [1].

As for the cell microstructures, two types exist closed cell and open cell foam [5]. A closed-
cell foam consists of a wall surrounding all the cells, separating them from one another. Open-
cell walls are open to each other, making it impossible to entrap gas or liquid inside. As a result
of the cell microstructure, closed cells tend to be stiffer, where the cell geometry resists air
leakage and shows more strength than open cells, where the foam tends to be softer [6, 7].
Usually, the density governs the mechanical properties of polymer foam: as the density of the

foam increases, the mechanical properties increase [5, 8].

Foam behavior under dynamic loading is sensitive to the strain rate of the impact. Yan et al.
studied the influence of the strain rate on the behavior of polymer foams under compressive

loading [9]. It was shown that when the strain rate increases, the plateau stress increases, and
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the densification happens sooner. The behavior of the polymer foams is monitored by the speed

at which the air escapes the foam cells.

Polymer foams are extensively used due to their ability to absorb energy under impact. The
behavior of polymer foams under impact can be analyzed through a force-displacement curve
and a visual inspection of the sample. Impact starts with a localized deformation underneath the
indenter, followed by a buckling of the cells and collapse. Finally, the densification, where the
stress increases rapidly when the cell walls are in contact. The energy absorption mainly
happens in the second feature when the cell walls collapse, and particularly for brittle foam,

energy absorption occurs by cell fracture and crushing [4, 10].

Regardless of the advantageous properties of polymer foam, recent studies make a great
effort to improve its mechanical properties to increase its potential in future applications.
Reinforcement of polymer foams can be achieved by integrating fillers and reinforcing particles
in fabrication. Those reinforcements aim to obtain mechanical properties superior to those
obtained in ordinary or foam without reinforcement. Those properties include increased
modulus, strength, and energy absorption; modulation of electrical properties; and tailoring
thermal properties such as thermal expansion, thermal conductivity, and glass transition
temperature (Tg) [11]. Fillers are tiny solid particles that are typically used in small quantities
to enhance the value of the foam, and they include fibrous fillers (glass fiber, aramid fiber, and

carbon fiber), Nanofillers (hanoclays, graphite nanotubes), and rubber particles [12].

Fibrous fillers can be in the form of chopped strands of fiber filament. They act to reinforce
the foam by switching the stress from the low stiffness foam to the fibers [13]. Yang et al.
studied the behavior of Polypropylene (PP) thermoplastic foam reinforced by short glass fibers
(diameter of about 13 um). The study proves that adding around a 20% wt ratio of GF to the PP
foam improves the tensile strength and modulus, the specific bending stress, and modulus by
59.45%, 54.81%, 94.75%, and 82.42%, respectively, compared to neat PP foam [14]. As for
short carbon fibers, Wenzhe et al. show that adding short carbon fibers (SCF) to epoxy foam
improves fracture toughness by up to 113% compared to neat epoxy foam [15]. Organic fiber
can also be a successful additive to polymer foams; studies dealing with Kenaf fiber [16] and
bamboo fiber [17] as a reinforcement show that their addition improves the mechanical and

thermal properties of the foam compared to ordinary foam.
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Carbon Nanotubes, Nanofibers, and rubber particles as reinforcement are also very popular
since they have low density due to their hollow core [11]. Awad et al. and Kumar et al. both
study the addition of MWCNT to polymers foams. Both studies prove that adding nanoparticles
improves mechanical properties (tensile strength and modulus) and thermal stability [18, 19].

While adding reinforcement into the epoxy foams might increase the fracture toughness, the
introduction of those fillers leads to a significant decrease in the compressive strength compared
to neat unreinforced foam [15]. In addition, adding silica particles to polyurethane foam in a
high concentration shows a decrease in tensile strength compared to neat foam [20]. Javni et al.
show that the reinforcement of polyurethane foam with Nano-silica improves the hardness and
compression strength but decreases the rebound resilience [21]. On the other hand, adding filler
during the preparation of polymer foam faces several challenges on the fabrication level,
especially in maintaining a uniform dispersion inside the foam media and the orientation of the

nanoparticles [10].

Many attempts are undertaken to improve the strength of polymer foam, especially the one
having a brittle behavior. However, substantial efforts focus on ameliorating polymer foams on
the microstructural level. A reinforcement method is applied in the current study without
modifying the foam's microstructure. The reinforcement is realized by adding woven composite
fabric within epoxy foam layers, eliminating the need for sophisticated mixing techniques. The
fabric is selected based on its impact behavior. Hence, aramid plies are used in the current study
as a reinforcement of a closed-cell epoxy foam. The aramid plies are added in different
configurations and locations to study their ability to hinder crack propagation. The study
focuses on assessing the capacity of energy absorption and the morphology of damage to those
structures under low-velocity impact. It is shown that adding one aramid ply as the structure's
bottom layer prevents crack propagation. Structures with a higher number of aramid plies in the
middle attain a higher peak load. Impact face foam density influences the stiffness and impact

performance of the structure.
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1.2 Experimental procedure

This experimental study aims to observe and analyze the influence of the following
parameters: number of aramid plies, location of aramid plies, and the epoxy foam density. The
tested configurations include structures made of neat foam (unreinforced by aramid plies),
structures having one or three aramid plies in the middle or distributed in different locations in
the thickness of the specimen, and finally, structures having two foam densities separated in the
middle by one or three aramid plies. The structures are assessed based on their capacity to
absorb energy. A technique usually used for high impact velocity is applied in this study. Clay
witness material is placed underneath the structure during impact [22]. After impact, the
indentation left on the clay, also called back face signature (BFS), indicates the level of

protection that the structures can achieve.

11.2.1 Manufacturing of the structures

In the current study, three densities of epoxy foam are studied, 170, 250, and 400 kg/m"3.
The epoxy foam used is provided by Sicomin [23]. The epoxy foams used are closed-cell foams
with different expansion rates. The PB epoxy foam has two components: epoxy resin (PB) and
a hardener (DMO03). When the two components are mixed, they expand due to chemical
foaming. For the epoxy foam preparation, a specific amount of liquid epoxy and hardener is
added to a container and then mechanically frothed for 4 minutes.

The aramid fibers used in this study are a four-harness satin woven fabric with an areal
density of 175 g/m”2 and thickness of 0.26 mm. The matrix is an Araldite® LY 5052
(resin)/Aradur® 5052 (hardener) epoxy with a fiber volume fraction of 37%.

The configurations fabricated are based on studying the influence of several parameters
mentioned above. The influence of the number of aramid plies is studied by fabricating
structures with mono-foam having one or three plies of aramid in the middle (Table 11-1). Each
configuration is fabricated with three different foam densities (170, 250, and 400 kg/m”3).
Blocks of neat foam are also manufactured, [PB170-neat], [PB250-neat], and [PB400-neat], to
help better understand the influence of each parameter. (For more fabrication details refer to
Appendix A).
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Table 11-1: Mono-foam density structure with aramid plies in the middle and neat foam

configuration [PB-1ply-PB] [PB-3plies-PB] [PB-neat]

representation

The influence of aramid plies location is studied through structures having mono-foam
density with (Table 11-2):

- One ply of aramid in three different locations; on the top, middle, and bottom.
- Three plies of aramid: one ply on the top and two in the middle, two in the middle and

one on the top, and finally one on the top, one in the middle, and one on the bottom.

Table 11-2: Mono-foam density structure with aramid plies distributed in different locations

configuration [1ply-PB] [PB-1ply] [1ply-PB-2plies-PB] [PB-2plies-PB-1ply] [1ply-PB-1ply-PB-1ply]

representation

Finally, foam density is studied with structures having one or three plies in the middle but
with bi-foam density (Table 11-3). In this case, the upper foam part of the structure has a
different density than the bottom part. Several combinations are fabricated, combining PB250
and PB170, PB400 and PB170, and finally, PB400 and PB250.

Table 11-3: Bi-foam density structure with aramid plies in the middle
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[PB170-1ply-PB250]  [PB170-1ply-PB400]  [PB250-1ply-PB400]

[PB250-1ply-PB170]  [PB400-1ply-PB170]  [PB400-1ply-PB250]

[PB170-3plies-PB250] [PB170-3plies-PB400] [PB250-3plies-PB400]

[PB250-3plies-PB170] [PB400-3plies-PB170] [PB400-3plies-PB250]

Legend
PB170 " |[NNPBZ50MN WPBIOOMN  Aramid ply e—

The fabrication process of the global structures starts with impregnating the aramid plies,
then preparing the epoxy foam mix. The structures are fabricated inside a closed mold. The
impregnated aramid plies are fixed on the edges of the mold in case they are in the middle.
Alternatively, they are placed on the bottom or top to create the configurations needed.
Afterward, the mold is placed in a hot air oven at 40°C for 12 hours. Samples are cut using a
water jet-cutting machine into square structures of 100mmx100mm, having a thickness of about

30 mm.

11.2.2 Drop weight impact test

The capacity of energy absorption is assessed through a low-velocity impact test. A
hemispherical-end steelhead with a mass of 2 kg and a diameter of 16 mm impact the structures.
The velocity of the impact is 6.3 m/s, equivalent to an impact energy of 40 J. The structures are
simply placed on a soft clay material to help measure the dent trauma left after the impact, also
known as back face signature (BFS) (Appendix B). The clay material is confined inside a
wooden box. The clay is heated before the test to reach a temperature of around 38°C [24]. Test
setup and mounting are shown in Figure I1-1. While performing the test, the load and
displacement are recorded. The outputs of the drop weight test are the following: visual
inspection of the structures, load-displacement curves, permanent indentation, and back face
signature (BFS).
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Impactor
A16 mm
M=2kg

Structure

\ V=6m/s
Clay
/ witness

30 mm

25 mmT

Figure I1-1: Experimental setup of drop weight impact test

I11.3 Results and discussion

In this section, the low-velocity impact test results are described. Morphology of damage, as
well as measurements of the indentation, are compared. Further, load-displacement curves are
presented as a function of the number of aramid plies, their position, and their epoxy foam

density variation.

11.3.1 Impact response of neat epoxy foams

The curves of the impact force versus the indenter displacement are given in Figure 11-2. The
linear phase of the load-displacement curve indicates the elastic response of the epoxy foam.
The increased load observed afterward describes the bending and crushing of the foam cells,
where most of the impact energy is dissipated. A significant load drop occurs hereafter,
indicating the epoxy foam's brittle failure. In addition, foam density plays an essential role in
response to impact. As the density increases, the peak load and the stiffness in the linear phase

also increase.

Figure n-2.b, shows how the indenter perforates the structure. The impact leads to brittle
failure, which tears the epoxy foam into pieces. The severity of the crack is due to the high
cross-linked density in all epoxides materials [25]. All three structures with different densities

show the exact morphology of damage.
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Figure 11-2: a) Load-displacement curves of neat epoxy foam, b) morphology of damage of [PB250-neat]

11.3.2 Influence of the number of Aramid plies located in the middle

This section demonstrates the effect of the number of aramid layers in the middle of mono-
foam structures. The representative load-displacement curves of the PB170, PB250, and PB400

with one and three aramid plies in the middle are plotted in Figure 11-3.

For PB170 structures (Figure 11-3.a), the first region from zero to 10 mm in displacement, the
curves show a linear behavior, with a slight change in slope at 5 mm displacement. This might
be due to the material densification underneath the impactor. An increase in load happens and
reaches 2.2 kKN in the case of three aramid plies in the middle. Three plies of aramid in the
middle increase the peak load reached by 120% and 10% compared to a structure with one
aramid ply and neat epoxy foam structure, respectively. The increase in load indicates that the
impactor attained the aramid plies. Then a load drop occurs, which means that the aramid
plies are perforated. A further drop in load indicates the failure of the bottom face of the

epoxy foam.

Adding one or three aramid plies in the middle delays the full rupture of the structures and

increases the peak load.

Structure with PB250 (Figure 11-3.b) with one aramid ply in the middle shows a drop in load
after attaining a maximum of 2.6 kN; this means a failure at the level of the aramid plies. Thus,
the structure with PB250 and three aramid plies do not exhibit fiber perforation; the three
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aramid plies were able to stop the impact at this level. Unlike the structure reinforced by aramid
plies, [PB250-neat] fails at a displacement of 10 mm, after attaining a maximum effort of 1.2

KN.

Finally, structure with PB400 with aramid plies (Figure I1-3.c); a linear response is observed
from early stages until a displacement of around 10mm. An increase in load occurs when the
impactor attains the aramid plies and rebounds before the aramid plies are perforated. This
behavior is similar for both structures, whether with one or three aramid plies. However, a
structure with only PB400, [PB400-neat], shows an 82% decrease in stiffness compared to the

other structures with PB400.
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Figure 11-3: Load-displacement curves for mono foam structures with aramid plies in the middle

Figure -4 compares the morphology of the damage of each structure having PB170 with
aramid plies in different locations. It is shown that all structures with PB170 are fully

perforated. A clear hole is formed on the impact and bottom face with a diameter of around 16
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mm. Having the lowest density, PB170 epoxy foam possesses higher porosity levels and lower

cell wall thickness, which leads to a lower load-carrying capacity.

Yet, for structures having PB250, a clear hole is observed on the upper layer. Fiber breakage
and matrix cracking are shown in a structure having 1ply of aramid in the middle leading to a
perforation of the aramid. Further, the deformation of the aramid fiber in a conical shape (Figure
11-4, third column) led to the brittle foam failure. It is represented by cracks on the bottom face
and delamination between the aramid ply and the bottom layer of epoxy foam. As for the
structure having three aramid plies in the middle shows that the foam under the indenter is
compacted, and a plug of this densified foam is created (Figure 11-4, fourth column) at the level
of upper foam/ aramid plies. As the applied load increases, the compacted material is further
pushed, causing the aramid plies to deform. Aramid plies are not perforated; rather, they are
deformed, leading to crack propagation and delamination between the aramid plies and the

bottom foam layer.

As for the PB400, only the one having one aramid ply in the middle shows cracks on the
surface of the bottom face, whereas the one having three aramid plies only shows the damage
caused by the indenter on the impact face. The PB400 governs the behavior of these structures

since the indenter rebounded before perforating the aramid plies.

[PB170-3plies- [PB250-3plies- [PBA400-3plies-
PB250-1ply-PB250 PBA00-1ply-PB400
PB170) [ Py PB250] [ Py 1 peaoo)

[PB170-1ply-PB170]

Impact face

Lower face

Figure 11-4: Morphology of the damage to the structures having one or three aramid plies in the middle

The measurements of the back face signature show the ability of the structure to provide
protection for the back face and stop the indenter, Figure 11-5. Structures with PB170 are fully
perforated; therefore, the BFS cannot give any significance. As for structures with PB250, the

three aramid plies have a lower BFS of 21% compared to the structure with only one aramid
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ply. As for PB400, since the indenter is stopped at the first layer of epoxy foam, there is no
visible deformation on the back face. The back face signature measured represents only the
deformation that the four edges of the structures leave when it sinks inside the soft clay during

impact.

uPB170-1ply-PB170 = PB250-1ply-PB250  m PB400-1ply-PB400

= PB170-3plies-PB170 PB250-3plies-PB250 = PB400-3plies-PB400

12

Back face signature(mm)

SOANNENY

Figure 11-5: Back face signature of mono-foam structures with aramid plies in the middle

Increasing the number of aramid plies in the middle decreased the crack propagation and
increased the peak load reached in the case of PB250 and PB400. The increase of aramid plies

in the middle with PB170 showed no enhancement.

11.3.3 Influence of aramid plies location

The influence of the location of aramid plies is shown in Figure 11-6. The load-displacement

curves of the PB170 epoxy foam with one or three plies in different locations are presented.

Structure with only one ply on top, [1ply-PB170], shows increased stiffness by 22 %
compared to the structures with PB170. After reaching a maximum load of 1.2 kN (Figure
11-6.a), the structure fails with significant brittleness. On the other hand, adding aramid fiber on
the bottom, [PB170-1ply], shows a progressive increase in load, meaning that the foam crushes
and densifies until an increase in load happens at a displacement of 30 mm where the indenter

reaches the aramid ply. The aramid ply on the bottom decreases the displacement by 11%
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compared to when it is located in the middle. The structure having one aramid as the bottom

layer stops the indenter faster.

Figure 11-6.b also analyses the influence of modifying the location of the three-aramid plies.
Equally, to the analysis above, adding one aramid ply on top of the structure increased the
stiffness. However, structures having one ply on the bottom, [1ply-PB170-1ply-PB170-1ply]
and [PB170-2plies-PB170-1ply] increase load to reach a peak of around 2 kN when the indenter
reaches the middle and the bottom aramid plies, and rebound without perforation. Structure
with three aramid plies in the middle, [PB170-3plies-PB170] attains the higher peak load (this
is due to three aramid plies stacked together in the middle). Nevertheless, a structure without
aramid ply on the bottom shows a drop in load after the perforation of the aramid fibers in the

middle, leading to a full perforation of the structure.

The delay in attaining the peak load for the structure with the three aramid plies, observed in
Figure 11-6.b, is due to fabrication. Indeed, the location of the aramid plies might vary during

the expansion phase of the foam inside the mold, which changes its position slightly.
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Figure 11-6: Load-displacement curves for mono foam PB170 structures with a) 1ply either on top or bottom

and b) 3plies distributed differently in the structure

The morphology of the damage for five specimens is presented in Figure I1-7. Structure
[1ply-PB170] shows clear propagation of the cracks on the lower face, whereas structure with
one aramid ply on the bottom shows no sign of failure. Yet, [1ply-PB170-2plies-PB170] is fully
perforated similarly to [PB170-3plies-PB170]. [PB170-2plies-PB170-1ply] and [1ply-PB170-
1ply-PB170-1ply] only show a slight deformation on the bottom face.
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The presence of a ply of aramid on the structure's top face improves the structure’s initial
stiffness. Whereas the presence of a ply on the bottom face improves the impact response; by

hindering the crack propagation on the bottom face of the structures.

[1ply-PB170- [PB170-2plies- [1ply-PB170-1ply-
2plies-PB170] PB170-1ply-] PB170-1ply-]

[1ply-PB170] [PB170-1ply]

Impact face

Lower face

Figure 11-7: Morphology of the damage for mono-foam PB170 structure with aramid plies in different locations

The amount of deformation that the structures left on the soft clay are illustrated in Figure
I1-8. The representation of the BFS for PB170 structures can illustrate the capacity of protection

those structures [poSsess.

Structures that do not have aramid fiber on the bottom face are fully perforated, and therefore
they have the higher back face signature since the indenter sinks inside the clay witness. The
structure protected by an aramid ply at the bottom shows a lower back face signature. In
particular, structures with three aramid plies distributed in the top, middle, and bottom present

the lowest back face signature.

The addition of aramid ply on the bottom does not only eliminate the cracks but also. As a
result, it decreases the back face signature. In addition, the increase of the initial stiffness due

to adding one ply on top also improves the back face signature.
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Figure 11-8: Back face signature of mono-foam PB170 structures with aramid plies in different locations

Figure 11-9 shows the load-displacement curves of structures with PB250 reinforced with one
or three aramid plies in different locations. Figure 11-9.a, similarly to the previous analysis made
for Figure 11-6.a, the densification is clear from the early stages for both structures. Then a
brittle fracture occurs for the structure having one aramid ply on top. The one having one ply
on the bottom reaches a peak load of around 2.5 kN, and the indenter rebounds before reaching
the aramid ply, which is located at 30 mm. For a structure with aramid ply in the middle, the
peak load reach is 2.6 kN at a displacement of 15 mm, then after the aramid failure. The indenter
rebounds after attaining a maximum displacement of 22 mm. Figure 11-9.b proves that all three

structures could stop the indenter at a displacement of around 20 mm.

Structures having aramid ply on top possess higher stiffness. Structure [PB250-3plies-
PB250] show similar behavior as [PB250-2plies-PB250-1ply]. Increasing the number of aramid
in the middle does not improve the peak load.
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Figure 11-9: Load-displacement curves for mono foam PB250 structures with aramid plies in different

locations

The morphology of damage to those structures is coherent with the one found in Figure 11-7,
which reveals that when adding aramid ply on the bottom, the epoxy foam is reinforced and

does not display cracks or brittle failure.

Figure 11-10 presents the back face signature of the structures having PB250 foam with
aramid plies in multiple locations. The structure having one aramid ply on the impact face fails
similarly to the structure of [PB250-neat]; therefore, it has a higher BFS since it is fully
perforated. The structure with one aramid ply on the bottom significantly improves behavior
where the perforation is prevented, and the BFS is improved. While [1ply-PB250-2plies-
PB250] does not possess a ply at the bottom, it still has better BFS than [PB250-1ply] by 31%.
This is due to the aramid plies on top and in the middle, which increase the stiffness and peak
load of the structure. However, [PB250-2plies-PB250-1ply] and [1ply-PB250-1ply-PB250-
1ply] only show a slight BFS located on the four edges of the structure due to its sinking inside

the clay. Therefore, it does not imply damage in the location of the load applied.
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Figure 11-10: Back face signature of mono-foam PB250 structures with aramid plies in different locations

For the structures with PB400, the influence of aramid location is not illustrated clearly,
Figure 11-11. PB400 has the highest density; it can stop the impact without the interference of
the aramid plies reinforcement, leaving no back face signature other than the edges of the
structure. Only structure [1ply-PB400] results in full perforation towards the impact.
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Figure 11-11: Load-displacement curves for mono foam PB400 structures with aramid plies in different

These results underline the importance of the location of aramid plies inside the structure. An
improvement in crack propagation was observed when a ply of aramid was added on the bottom
face of the structure, where it reinforces the epoxy foam by hindering crack propagation and
eliminating the de-bonding at the interface foam/aramid. Additionally, it was established that
one ply of aramid could increase the initial stiffness of the structure. Those improvements also

manifest in the back face signature, which decreases when the brittle failure of the epoxy foam
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is avoided. However, the foam density also plays a significant role in improving the back face
signature. The structure having PB250 with aramid one ply on the bottom shows a lower back

face signature by 68% compared to the same configuration structure but with PB170.

Besides, the permanent indentation inside the structure can be significant in assessing the
capacity of protection of the structure. Figure 11-12 shows the permanent indentation of the
configuration [1ply-PB-1ply-PB-1ply] with the three different densities. These results confirm
that the BFS improves when the density of foam increases and the permanent indentation left
inside the structure after the impact is significantly improved by up to 47%. However, the total
density of the structure is increased by 70%. Consequently, the influence of density variation
inside a single structure is studied in the next section to investigate the potential of decreasing
the density of a structure while keeping the same performance towards impact.
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Figure 11-12: a) Permanent indentation and b) density of mono-foam structure of configuration [1ply-PB-1ply-
PB-1ply]

11.3.4 Influence of foam density variation

The following section compares mono-foam and bi-foam structures with three aramid plies
in the middle. This comparison aims to evaluate the influence of the epoxy foam density inside
a single structure. This section outlines three combinations, PB170/PB250, PB170/PB400, and
PB250/PB400.

Figure 11-13 compares structures having bi-foam, PB170, and PB250 in a single structure. It
presents configurations where PB170 is the top layer and PB250 is the back one, [PB170-3plies-
PB250], and the other configuration is the reverse, [PB250-3plies-PB170]. An additional

presentation of mono-foam is for comparison purposes.
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The load-displacement curves show that the structure having PB250 as the top layer has
improved stiffness and peak load by 120% and 17%, respectively, compared to the other
structures. On the other hand, the permanent indentation of [PB250-3plies-PB170] and the BFS
compared to [PB170-3plies-PB250] is decreased by 30% and 74%, respectively. While the
curves yielded that the behavior of [PB250-3plies-PB170] and [PB250-3plies-PB250] is very
similar, this later shows a higher BFS of 200%. This is due to the rigidity of the PB250, which
results in crack propagation, leaving a higher BFS as pieces of foam sink inside the clay.
Whereas PB170, as the bottom layer, fails due to high shearing around the edges on the indenter.
This can also be justified since [PB250-3plies-PB170] has higher permanent indentation than
[PB250-3plies-PB250].

While [PB170-3plies-PB250] and [PB250-3plies-PB170] have the same density, the
behavior of the structure having the highest density as impact face improved the impact

response of the structure.
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Figure 11-13: (a) load-displacement curves, (b) Indentation and back face signature, and (c) density of PB170/PB250 with
three aramid plies

From the data shown in Figure 11-14, the perforation of [PB170-3plies-PB170] can be
prevented by replacing the bottom layer with a layer of PB400. However, replacing the upper
layer with PB400 instead of PB170 prevents perforation and increases the stiffness by 480%.
The structure configuration [PB400-3plies-PB170] also shows an improved permanent
indentation and BFS compared to [PB170-3plies-PB400] by about 48% and 87%, respectively.
On the other hand, comparing the structure having the mono-foam, [PB400-3plies-PB400],
with [PB400-3plies-PB170], both have very similar behavior and indentation; however, the

structure having PB170 as the bottom layer shows a reduced density by around 9%.
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Figure 11-14: (a) load-displacement curves, (b) Indentation and back face signature, and (c) density of
PB170/PB400 with three Aramid plies

Figure n-1s, presents structures having a combination of PB400 and PB250 with three aramid
plies in the middle. It can be shown on the load-displacement curve that the structure [PB250-
3plies-PB250] has a similar behavior as [PB250-3plies-PB400], but comparing it with [PB400-
3plies-PB250], an increase in the stiffness occurs by 178%. In the case of the structures having
PB400 as the top layer, the aramid plies in the middle do not play a very important role since
the impactor does not even reach them.
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Figure 11-16: Margin over mass ratio for mono and bi-foam structures
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The influence of the epoxy foam density is also studied by calculating the ratio
margin/mass (mm/g). The margin is the plate thickness - indentation depth left by the

indenter inside the structures. This ratio aims to compare the structures with different global
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densities. This ratio helps study the ability of the structures to stop the indenter while taking
into account their mass. The higher the ratio, the more effective the structure is against the

impact. The results of the ratio margin/mass are presented in Figure 11-16.

[PB170-3plies-PB170], having the lowest weight, exhibits the lowest ratio, showing its poor
capacity to stop the impact, especially when the structure is fully perforated. Replacing the
impact face by PB250 increases the ratio by 100%. However, structure [PB250-3plies-PB250]
has an increased ratio by 9% compared to [PB250-3plies-PB170]. This is due to the presence

of PB170 on the back face, which leads to higher permanent indentation.

Structure with PB400 as impact face, whether mono or bi-foams structures, the ratio is higher
than the rest of the structures. However, structures with PB400 as the impact face with PB170
or PB250 as the back face show an increased ratio of 12% and 8%, respectively, compared to
[PB400-3plies-PB400]. This means that bi-foam structures with PB400 show a better capacity
to stop the indenter per unit mass than mono-foam structures with PB400. The structure that
maximizes this ratio the most is [PB400-3plies-PB170].

The findings presented in this section show that a structure with a higher foam density as an
impact face showed higher initial stiffness and yielded better permanent indentation and BFS
while having the same global density as the structure. Having the lowest foam density as impact
face, i.e., [PB170-3plies-PB400], led to full penetration of the upper foam, then damage of
aramid plies, which led to a cone formation on the bottom face, ending with cracks propagation
on the bottom face of the PB400. Figure 11-17 clearly illustrated the damage morphology inside
both structures combining PB170 and PB400. The failure of the aramid plies in the middle is
represented by a cone formation on the lower face, leading to a brittle failure of the bottom

layer of epoxy foam.
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Figure 11-17: Morphology of the damage to bi-foam PB170/PB400 structure with three aramid plies in the middle

However, even when adding a higher foam as the top face, which monitors mainly the
behavior of the structure, it could not obstruct the crack propagation due to the brittleness of

the structures.

That being the case, the structures that could stop the indenter before perforating the aramid
plies or not even reaching it (PB250 and PB400) show an improved morphology of damage,

leading to a better back-face signature.

1.4 Summary

The analysis of the experimental results and observation of the low-velocity impact tests done

on the structures deduced the following points:

e Asthe foam density increases, its capacity to carry load increases. One or three aramid plies
in the middle of the epoxy foam improve the behavior by decreasing the crack propagation
and attaining a higher peak load.

e Aramid plies location can significantly influence the morphology of damage inside the
structure by controlling its stiffness when added to the top face and then protecting the
bottom face from crack propagation.

e Structures with bi-foam with three plies of aramid in the middle are monitored by the top
layer foam density behavior. The highest density as the top face backed with three aramid
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plies proved enough to stop the indenter with minimum damage left of the clay (BFS)
compared to the structures with low-density foam as the top face.

e The ratio margin/mass shows that replacing the impact face density of mono-foam
structures with a higher density improves the ability to stop the indenter per unit mass.
However, in the case of PB400 as an impact face, replacing the bottom foam layer with

lower foam density improves the protection level per unit mass.

11.5 Conclusion

The behavior of epoxy foam reinforced by aramid layers is investigated experimentally
through low-velocity impact tests. Several configurations are tested to study the influence of
the location and number of aramid plies and the foam density variation inside a single structure.
The comparison and analysis are based on load-displacement curves, damage morphology, and

indentation (BFS and permanent). This paper investigation attributes the following outcomes:

1. Foam density indicates the capacity of load carrying. PB400 shows a higher stiffness since
it has a higher density. Therefore, higher wall thickness leads to higher mechanical
properties. However, no matter how stiff they are, neat epoxy foam fails with significant
brittleness due to crack propagation.

2. Adding one or three aramid plies to the PB170 does not prevent complete perforation but
induces a different damage mode. However, for PB250 and PB400 adding the plies in the
middle prevent perforation. Increasing the aramid plies in the middle shows higher peak
load and less crack propagation on the bottom.

3. Crack propagation is only prevented for all foam densities when one ply of aramid is added
to the bottom face of the structure. [1ply-PB] shows a similar behavior as [PB-neat].
Hence, adding one ply of aramid on top does not prevent perforation. However, [PB-1ply]
eliminates the epoxy foam's brittle response, which leads to a lower back face signature.
This ply plays a significant role in reinforcing the brittle nature of epoxy foam by hindering
crack propagation.

4. The damage propagation scenario inside the structures starts when the indenter crushes the
upper layer of foam. When the impactor reaches the aramid plies, it causes a failure
represented by matrix cracks, fiber breakage, and cone formation on the lower face of the

aramid plies. This damage induces the failure of the lower layer of epoxy foam.

85



Experimental study of low-velocity impact behavior of hybrid structures

5. Foam density influences and monitors the behavior of the structures, especially when the
highest density is the impact face. Structures with the configuration [PB250-3plies-
PB170], [PB400-3plies-PB250], and [PB400-3plies-PB170] show better impact behavior
and can stop the indenter before perforating the three aramid plies. Substituting the bottom
layer of the mono-foam PB400 with PB250 or PB170 can guarantee the same stiffness and
approximately comparable indentation levels while saving weight.

6. The ratio margin/mass is calculated to compare the ability of the structure to stop the
indenter per unit mass. Structures with PB400 as impact face exhibit the highest ratio,
meaning the best protection level per unit mass. Replacing the bottom layer of [PB400-
3plies-PB400] with PB170 or PB250 keeps the same level of protection while decreasing
the mass by 24%.

7. This study demonstrates that aramid plies can reinforce epoxy foam. Modifying the
number of aramid plies and the location of those plies while varying the epoxy foam
density can significantly improve the impact response of the structures. Hence, those

structures can be used in the future as promising candidates for protection applications.
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Chapter I1l1.  Experimental Study of High-
Velocity Impact Behavior of Hybrid Structures

Résumé en francais

ETUDE EXPERIMENTALE DU COMPORTEMENT DES STRUCTURES HYBRIDES
FACE AUX IMPACTS A HAUTE VITESSE

Introduction :

Le comportement a l'impact a haute vitesse de structures hybrides mousse époxy/fibres
d'aramide est étudié dans ces travaux. Les performances de ces structures sont examinées en
étudiant la profondeur de I'empreinte formée sur un matériau de support en plastiline lors de
I'impact. Cette empreinte est appelée "Back Face Signature (BFS)". Les structures sont
impactées par un dispositif de canon a gaz projetant une bille & une vitesse de 180 m/s. Les
résultats montrent que plusieurs parametres influencent la réponse a I'impact pour un nombre
fixe de plis d'aramide, tels que la densité de la mousse époxy, I'emplacement des couches
d'aramide et leur niveau d'imprégnation de résine époxy. L'étude montre que l'ajout d'une
couche de mousse époxy sur la face inférieure des couches d'aramide améliore la BFS par

rapport aux stratifiés composites conventionnels.

Principaux travaux et résultats :

Quatorze configurations sont fabriquées avec des fibres d'aramide seches, et imprégnées de
résine époxy. Les configurations sont fabriquées avec deux densités de mousse PB250 et PB400
(kg/m?). L'influence de la position des plis d'aramide, du niveau d'imprégnation et de la densité
de la mousse époxy sont testés. Deux stratifiés composites non hybrides (25 plis d’aramide secs

et 25 plis imprégnés) sont fabriqués comme structures de référence.

Les structures sont testées avec une bille sphérique (m =11 g, diametre = 14 mm) a une vitesse
de 180 m/s. Aprés lI'impact, la morphologie des dommages, la BFS et I'indentation permanente

sont évaluées.
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Les stratifiés composites conventionnels présentent respectivement une BFS de 8 mm et 34
mm dans le cas de plis d'aramide imprégnés et secs, Il est démontré que la réponse a I'impact
des fibres d’aramide secs est étendue. L'impact est caractérisé par la déformation des fibres

primaires et secondaires.

En revanche, les plis imprégnés montrent une réponse trés localisée se traduisant par des
fissures matricielles sur les bords de la région d'impact de la face impactée. Une rupture de

fibres en forme de croix sur la face arriére est observée.

L'influence de la position des plis d'aramide est étudiée, et montre que le fait de placer les 25
plis d'aramide comme face d'impact avec une épaisseur de mousse époxy élimine la BFS par
rapport aux stratifiés conventionnels, tout en augmentant la masse de 50%. La structure avec de
la mousse époxy comme face d'impact, quelle que soit la densité de mousse utilisée (PB250 ou
PB400), présente une perforation compléte. L'impacteur n'est arrété qu'au niveau des plis
d'aramide. Diminuer le nombre de plis d'aramide sur la face d'impact a 20 s'avere insuffisant

pour arréter I'impacteur sans pénétration dans la couche de mousse époxy.

Le niveau d'imprégnation des plis d'aramide est analysé. Les plis d'aramide imprégnés,
lorsqu'ils sont placés a l'arriére, laissent une BFS inférieure de 61% pour la PB250 et de 91%
pour la PB400 par rapport aux plis secs. La résine époxy contient les fibres et empéche leur

déformation, ce qui entraine un BFS et une indentation permanente plus faible.

La densité de la mousse époxy joue un réle important sur la réponse des structures hybrides.
Les résultats montrent que la PB400 peut arréter I'impacteur plus rapidement que la PB250. Les
structures avec de la PB400 comme face d'impact et avec 25 plis d'aramide imprégnés a 1’arriere
montrent une BFS inférieur de 80% comparées a la PB250. Un dommage peu visible est observé
sur les plis d'aramide dans le cas de la PB400 tandis qu'un endommagement des fibres en forme

de croix est observé dans le cas de la PB250 (longueur du dommage 29 mm).

Les structures hybrides ont des masses différentes car elles ont des densités de mousse et des
niveaux d'imprégnation différents. Un paramétre appelé marge/masse est étudié pour mieux
évaluer leur capacité de protection. La marge est I'épaisseur non endommagee laissée dans
I'éprouvette apres I'impact. Ce rapport montre que les structures avec 25 plis d'aramide comme

faces d'impact ont la plus grande capacité de protection spécifique.
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Ces structures peuvent eéliminer la BFS observée dans les stratifiés composites
conventionnels, tout en augmentant la masse de 50 %. Comme les 25 plis d'aramide ne sont pas
perforés, I'épaisseur de la couche de mousse époxy peut étre réduite, ce qui entraine une
diminution de la masse. Sur la base des résultats présentés ci-dessus, il existe des possibilités

d'optimisation de la masse de ces structures hybrides.
Conclusion :

Le comportement a I'impact des structures hybrides mousse époxy/fibres d'aramide est étudié
lorsqu'elles sont soumises a un impact a haute vitesse. Ce travail étudie la capacité de ce
matériau hybride a préserver I'intégrité de la structure a protéger. La capacité de protection est
examinée pour plusieurs configurations en comparant les BFS, l'indentation permanente et
I'inspection visuelle post-impact des structures. Sur la base des recherches effectuées dans cette
étude, les nouvelles structures hybrides avec des plis d'aramide imprégnés comme faces
d'impact s'averent étre un matériau de protection potentiel. Le matériau proposé peut étre utilisé
dans des applications de protection ou I'épaisseur n'est pas une contrainte. Plusieurs facteurs
d'amélioration peuvent étre soulignés, tels que la diminution de I'épaisseur de la couche d'époxy,
la répartition des plis d'aramide au cceur des structures, et I'utilisation de plusieurs densités de

mousse dans une seule structure pour améliorer le rapport efficacité/masse.
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Epoxy foam/aramid fibers hybrid structures for high velocity impact protection

L. Boutros, P. Navarro, S. Marguet, I. Tawk, J.F.Ferrero

Abstract:

The behavior of epoxy foam/ aramid fibers hybrid structures under high velocity impact is
studied in the present work. Closed-cell epoxy foam is combined with layers of aramid fibers
fabrics and impacted with a gas gun device at a velocity of 180 m/s. The performance of these
structures is examined by studying the damage and Back Face Signature (BFS), which is the
indentation left on a reference material placed behind the structures during impact. Results
show that several parameters influence the impact response for a fixed number of aramid plies,
such as the epoxy foam density, location of aramid plies through the thickness, and the level of
impregnation with epoxy resin. The study reveals that adding an epoxy foam layer on the lower

face of aramid plies enhances the BFS compared to conventional composite laminates.

I11.1 Introduction

Nowadays, the need to find adequate protection material rises with the rise of threats and
impact risks. Several studies focus on the improvement of conventional protection materials.
Protection systems are used in numerous fields, such as transportation, packaging, and
buildings. The purpose of protective materials can be to save lives or guarantee the integrity of
the protected structure. Various protection systems exist, and their selection relies on the hazard

type and the intended application.

Metal, ceramics, high-performance textiles, and cellular materials are used for protection.
Composite materials are among the most used materials in protection applications. Aramid and
ultra-high molecular weight polyethylene (UHMWP) fibers are the most employed for
protection against high-velocity impact. Aramid fibers marked under Kevlar® and Twaron®
show superior impact properties since they have a high strength-to-weight ratio, high modulus,
and good tenacity [1,2]. Lee et al. [3] studied the performance of Kevlar® as a personal

protection material. This study showed that a 1.4 mm thickness of Kevlar® can stop a projectile
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of 1.1 grams with 250 m/s velocity leaving 21 mm of penetration depth inside a backing
material. The backing material is usually used in personal protection testing to simulate the
consistency of the human body. The indentation left on the backing material is called the Back
Face Signature (BFS). The less the BFS is, the more the target can stop the projectile and

provide protection [3].

The impact response of aramid fibers is influenced by several parameters, such as fabric
architecture, matrix type, and friction between the yarns [2]. Aramid fibers with
different architectures are intriguing in many protection applications. Bandaru et al. [4] studied
the high-velocity impact on aramid composite laminates with 2D plain woven, 3D orthogonal,
and 3D angle interlock fabrics. The results showed that 3D fabrics have superior performance
and ballistic limits, yet they have increased areal density by 53%. Being part of composite
material, the effect of the matrix type also showed an influence on the impact behavior.
Khodadadi et al. [5] studied the influence of the matrix type of a 2D plain-woven aramid,
including thermoset, low-density rubber, and high-density rubber. The study concluded that
improved impact resistance is shown for aramid fibers impregnated with high-density rubber

where the plies experience maximum stretch with no detachment.

Regardless of the superior impact resistance properties that aramid and UHMWP possess,
many studies dealt with reinforcing these fibers by shear thickening fluids (STF) impregnation.
The purpose of this impregnation is to decrease the delamination between the plies, increase
the friction between the yarns, and enhance the impact resistance of fibrous materials. STF is a
combination of metal oxide particles suspended in a liquid polymer. Once subjected to an
impact, the viscosity increases, and the material shows solid like-behavior [6]. It was shown
that STF impregnation leads to higher friction between the yarns and layers of Kevlar®, which
can reduce the number of Kevlar® plies needed against ballistic impact by 50 %. Similarly,
Mishra et al. [7] studied the influence of STF impregnation on unidirectional UD-UHMWP
fibers through a ballistic impact test. They observed that UHMWP impregnated with STF had
enhanced impact resistance compared to neat UHMWP.

Polymer foams are also an interesting material for protection purposes. Polymer foams gained
extensive focus due to their capacity to absorb energy due to their microstructure. These
materials are used in numerous protection systems, such as shock absorbents in modern

automobiles, military helmets, and racecar road barriers [8]. Polymer foams are applied in
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energy-absorbing structures, such as head impact safety components in cars. In addition to low-
cost reinforcement for side impacts in modern automobiles [9]. Bicycle helmets are made
essentially from Expanded Polystyrene or PU foams [8]. Military helmets are designed with
high-density polymeric foams to protect against non-ballistic impacts and fragments [2].
Polymeric foams are advantageous for protection applications due to their high-energy

absorption and lightweight.

Many studies show the potential of combining different materials to create hybrid structures.
Hybridization techniques can be applied by combining different fibers to deliver a superior
response compared to mono-material. Hazell et al. [10] studied the high-velocity impact
response of hybrid composite reinforced with aramid plies. Plies of neat aramid are added to
CFRP-based composites and showed the best weight-efficient energy absorption improvement
compared to conventional composites. Grujicic et al. [11] examined numerically the influence
of adding Kevlar® fiber-reinforced epoxy with carbon fiber-reinforced epoxy in different
stacking sequences. They concluded that hybrid structures show higher ballistic performance
than conventional materials and that the stacking sequence inside the hybrid structures strongly
influences them. Bandaru et al. [12] investigated the impact behavior of hybrid composite
structures combining aramid and basalt fibers. They observed that structures with intercalation
between basalt and aramid show improved ballistic limits. The stacking sequence played a vital
role in preventing delamination. Hybridization proved one of the most effective techniques to

enhance energy absorption and increase weight efficacy.

Based on the literature, it is shown that aramid fibers are classical fibers used against impact
due to their superior impact resistance, and polymer foams proved efficient in protection
applications due to their high capacity to absorb energy. Hence, twining the advantages of
polymer foams with aramid fibers can be a promising protective hybrid material. This work

presents a hybridization between epoxy foams and aramid plies.

This study investigates the impact behavior of hybrid epoxy foam/aramid fiber structures by
a high-velocity impact test. Several configurations for a fixed number of aramid plies (25 plies)

are tested to study the influence of aramid plies location, level of impregnation, and epoxy foam
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density on the protection capacity. The analysis of the results is based on the Back Face
Signature (BFS).

111.2 Experimental procedure

In the present study, structures combining aramid plies (neat or impregnated with epoxy
resin) and epoxy foam are fabricated and impacted by a gas gun device at 180 m/s. A backing
material (clay witness) is put behind the structures to measure the Back Face Signature after the

impact. The BFS allows the measurement of the protective performance of the structures.

111.2.1 Base materials

The aramid fibers fabrics used in this study have a four-harness satin architecture, an areal
density of 175 g/m?, and a thickness of 0.26 mm. The resin used to fabricate the impregnated
plies is an Araldite® LY 5052 (resin)/Aradur® 5052 (hardener) epoxy. The fiber volume fraction
is 37%.

The epoxy foams used are closed-cell foams with different expansion rates. Two different
densities, 250 and 400 kg/m?3, are used. The epoxy foam has two components: epoxy resin (PB)
and a hardener (DMO03). The fabrication procedure of the epoxy foam is based on the
recommendations of the supplier [13]. When the two components are mixed, they expand due
to chemical foaming. To prepare the epoxy foam, a specific amount of liquid epoxy and
hardener are added into a container and then mechanically frothed for 4 minutes. The liquid
foam is poured inside a mold and set inside a hot air oven for 12 hours at 40 °C. The properties
of epoxy foams and aramid fabric, presented in Table 111-1, are obtained with classic tensile and

compression tests. Epoxy resin properties are obtained from the supplier data sheet [14].

Table I11-1: Mechanical properties of the materials used in the fabrication of the hybrid structures

Aramid Epoxy resin PB250 |PB400
Density (kg/m°) - 117 250 400
Areal density (g/m?) 175 - - -
Tensile modulus (MPa) 45000 3500 180 200
Tensile strength (MPa) 1700 49 281 5.2
Compression modulus (MPa) - - 72 150
Compressive yield strength (MPa) - - 2.9 8.2
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111.2.2 Structure preparation

The hybrid structure configurations aim to study the influence of the epoxy foam density, the
location of aramid plies, and the impregnation of the aramid. The number of aramid plies is
fixed to 25 to respect the range used in previous studies [2,6]. The aramid plies can be neat or

impregnated with an epoxy resin.

Fourteen configurations, presented in Figure I11-1, are studied. Structures A and B are made
of neat and impregnated aramid plies, respectively; both are made without epoxy foam. Those
structures serve as a reference. Structures C, E, G, and | are fabricated with 25 neat aramid plies
and (PB250 or PB400 epoxy foam). The neat aramid plies are placed on either the impact face
(C,& G) or the bottom face (E, & 1). Structures with 25 impregnated aramid fibers (structures
D, F, H, and J) and with (20/5) aramid plies distribution (structures K, L, M, and N) are also
fabricated. In all cases, aramid plies are placed on the impact or bottom face. Similarly, those

structures are fabricated with PB250 or PB400 as Epoxy foam.

Structures with neat aramid plies are fabricated simply by bonding 25 plies of aramid between
each other and on blocks of foam using double-sided adhesive applied on the edges. A one-shot
procedure is used to fabricate the structures with impregnated aramid plies. The aramid plies
are impregnated by hand layup and put inside a mold. Then the liquid foam is poured on top.
Afterward, the mold is closed and placed inside a hot air oven at 40°C for 12 hours. (For more

fabrication details refer to Appendix A).

The mass and thickness of each structure are presented in Table 111-2. On average, the foam
thickness for the hybrid structures is between 44 and 49 mm. All structures have a dimension
of 200 x 200 mm.
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== = = £ 25 plies aramid neat B P5250
25 plies aramid/epoxy PB400

5 plies aramid/epoxy

e 20 plies aramid/epoxy

Figure 111-1: Hybrid structures configuration with neat and impregnated aramid plies
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Table I11-2: Configurations of the fabricated hybrid structures

Structures Description Mass (g) | Thickness (mm)
A 25 aramid plies neat 200 11.5
B 25 aramid plies imp 378 7.6
C 25 plies neat -PB400 821 57
D 25 plies imp -PB400 888 49
E PB400-25 plies neat 800 57
F PB400-25 plies imp 900 52
G 25 plies neat -PB250 669 57
H 25 plies imp -PB250 789 50
I PB250-25 plies neat 700 58
J PB250-25 plies imp 801 50
K 5 imp plies-PB400-25 imp plies 902 48
L 20 imp plies-PB400-5 imp plies 885 48
M 5 imp plies-PB250-20 imp plies 762 49
N 20 imp plies-PB250-5 imp plies 770 49

imp: impregnated with epoxy resin

111.2.3 Backing material

A backing material, also known as clay witness, is placed behind the structures during the
high-velocity impact test to measure the Back Face Signature after each impact test. This
technique is usually implemented when testing body armor materials [15]. The present work
adopts the same approach to measure the protection capacity of the hybrid material by analyzing
the indentation left on the back face.

The clay witness (plastiline) used has a soft firmness level, and the density is 1525 kg/m?®
[16].

The consistency of the clay must be validated first based on the NIJ Standard 0101.06 through
a drop weight test [15] (Appendix B). The boundary conditions and temperature are the same

for this validation test and the impact test presented in section 2.4.

The clay material is confined inside a wooden box having a dimension of 300x300x60mm?,

The clay is heated at 40°C for three hours to reach an approximatively homogenous temperature
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between 38 and 40°C, measured in different locations. A drop weight test is performed. A
spherical shape impactor of 61 mm diameter with a weight of 1 kg is dropped from a height of
2 m (Figure 111-2.a). A high-speed camera is placed to measure the velocity of the impactor just
before the impact occurs. The maximum indentation inside the clay is measured using a

displacement sensor after the impact (Figure 111-2.b).

The indentation left on the clay after impact must be between 16 and 22mm according to the
NI1J standard to validate the consistency of the clay. The maximum displacement measured is

21mm, which is acceptable.

Mass I Displacement
sensor laser
Load sensor U 4 =61 mm

I

I

Impactor |

A

I

I

I

I

Reference
point

2m

: [

High speed
camera Maximum
indentation point

60mm

Clay witness

300mm
@) (b)

Figure 111-2: (a) Drop-weigh test validation, (b) post-impact Back Face Signature measurements of the clay

witness.

111.2.4 High-velocity impact test

The performance of the hybrid structures is studied through high-velocity impact tests. A gas
gun of 60 mm diameter is used in the present study. The projectile is a steel sphere having a
diameter of 14 mm and a weight of 11 g. The gas gun impact pressure is set to 7.2 bars to reach

an impact velocity of 180 m/s leading to impact energy of 227 kJ.

Figure 111-3.a describes the test device. Elastic bands are used to place the specimen against
the backing material (Figure 111-3.b). The backing material is confined in a wooden box and

heated to a temperature between 38 and 40°C.
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These high-velocity impact test outputs are the BFS, the permanent indentation in the
specimen, and the damage morphology left on the structures. The BFS is measured using the
methodology shown in Figure I11-2.b. The permanent indentation is measured using a
displacement sensor; by taking a reference point at the corner of the structure, and the second
point is taken on the impact area underneath the projectile. The morphology of damage and
statement of the crack under the impactor is assessed through visual inspection. Those
parameters are used to evaluate and compare the impact behavior of the hybrid structures.

Backing material Backing

material

Projectile Specimen

ﬁ e —=t--
Gasgun

Light

ot PN o
High speed
camera

Support

Wooden box
- - e

@ (b)

Figure 111-3: (a) Graphical representation of the high-velocity impact setup, (b) structure fixation to the

support system.

I11.3 Results and discussion

111.3.1 Morphology of damage

The morphology of damage to the structures is evaluated through visual inspection. Figure
I11-4 shows the damage mode of neat aramid plies (structure A) and impregnated aramid plies
(structure B). Figure 111-4.a shows that the whole structure responds against the impact. The
deformation is extended from the impact region towards the edges of the structure. The damage
is mainly represented by the deformation of the primary yarns underneath the projectile.
Khodadadi et al. [5] cite this mode failure for neat aramid plies when subjected to high-velocity
impact. The back face of the neat aramid structure shows yarn pull-outs, and the projectile
creates a wedge-through behavior. The projectile is trapped inside the aramid plies. As for the

impregnated structure (structure B), the damage is highly localized (Figure I11-4. b). The epoxy
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resin fails around the impactor edges due to its high brittleness. Matrix crack is the first mode
of failure that appears in composites when subjected to impact. It is a classic result (Abrate
[17]). The damage on the back face of structure B is represented by cone formation and failure
of the fibers. The close-up on the bottom face impact region shows a cross-shape resulting from
fiber breakage.

Impact face

i trapped
inside

Impact face | ... Bottom face

Matrix | &
crack :
.
€ TC. AT
damage et iy
< ".

o

j| Fiber breakage/matrix cracks

()

Figure 111-4: Post impact inspection of (a) neat aramid plies and (b) impregnated aramid plies

Figure 111-5, Figure 111-6, and Figure 111-7 show the morphology of damage to the hybrid
structures. All the hybrid structures stop the impactor.

The location of the aramid plies significantly influences the response of the structures. In all
the structures having the epoxy foam as impact face, whether it is PB250 (structures | and J) or
PB400 (structures E and F), the projectile perforates the foam layer (~ 44mm) fully. The damage
inside the epoxy foam is highly localized (Figure I11-5. c, d, and Figure 111-6. c, d). The foam
underneath the impactor could not resist the impact, and it failed due to high tensile and shear
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stresses. The impactor creates a clear path while crushing the foam from the impact face until
reaching the aramid plies at the bottom of the structures. The diameter of this path is around 16
mm for most structures with foam as the impact face, similar to the diameter of the projectile.

Structures with 25 aramid plies (neat and impregnated) as impact face, whether backed with
PB250 (structure G and H) or PB400 (structure C and D), do not show complete perforation of
the aramid plies. The behavior of impregnated aramid and neat aramid as impact face is similar
to structures B and A, respectively. The mode of failure of epoxy foam when located at the back
(structure C, Figure 111-5. a) is different than when located at the impact face (structure E, Figure
I11-5. ¢). To analyze the damage in the foam, the aramid plies of structures C and G are removed,
and the damage is evaluated (Figure 111-8). The epoxy foam (PB400) of structure C (Figure
111-8. a) fails due to tensile and shear fracture, yet the damage is not as localized as in structure
E. The damage diameter in the foam is increased by 51% since the aramid plies increase the
contact area between the impactor and the foam resulting in an extended response of foam

crushing. The same analysis applies when comparing structures G and I (Figure 111-6. a, c).

Results illustrated in Figure 111-5 and Figure 111-6 show that the aramid plies placed as impact

face are not perforated; they protect the epoxy foam from complete perforation.

Figure 111-7 shows structures with 20+5 impregnated aramid plies distribution, five plies as
impact face and 20 plies as the back face, and vice versa. The projectile perforates the aramid
plies located as impact face, whether it is 5 or 20 plies. Structure N (Figure 111-7.d), having 20
plies as impact face and PB250 as epoxy foam, shows slight damage on the back face and a
crack length of 10.8 mm. However, structure M (Figure I11-7. ¢) with PB250 and five plies as
impact face shows a cross-shaped fiber breakage on the back face. The damage diameter is 23
mm. This means that the 20 plies as impact face reduces the velocity of the projectile and
decreases the damage on the back face by 53%, compared to structures with five plies as impact
face. Moreover, structure J, where 25 plies are placed as the back face, shows a cross-shaped
fiber breakage of 29 mm. Placing the same number of aramid plies but with different

distributions can improve the back face damage by up to 63%.
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Structure K (Figure I11-7. a), with PB400 and five plies as impact face, shows no damage on
the back face, similarly to structure L. On the top face of structure L, the foam arrests the
projectile after perforating the 20 aramid plies (Figure I11-7. b).

The influence of aramid plies impregnation is shown when comparing structure G (Figure
I11-6.a) and H (Figure I11-6.b). The neat aramid as the impact face of structure G shows an
extended deformation from the impact area towards the extremities of the structures. The
impregnated aramid plies in structure H show localized response, and matrix cracks are shown
on the edges around the impact area. The same analysis applies to structures with PB400
(Structure C (Figure 111-5.a) and structure D (Figure 111-5.b)).

Structures F (Figure 111-5.d) and E (Figure I11-5.c), having PB400 as impact face with
impregnated and neat aramid, respectively, are compared. The damage left on the bottom face
is compared for both structures. Neat aramid plies show deformation and pull-outs in the yarn
underneath the impact area and global deformation on the back face of the structure.
Impregnated aramid plies show minor matrix cracks on the top and minor deformation on the
back face. This is due to the presence of epoxy resin that controls and prevents the deformation
of the fibers. The same analysis applies to structures with PB250 (Structure J (Figure 111-6.d)
and structure | (Figure 111-6.c)).

The influence of the epoxy foam density can be seen when structures F (Figure 111-5.d) and
J (Figure 111-6.d) are compared. For Structure J with PB250 as the impact face, the projectile
fully perforates the epoxy foam layer and induces damage to the impregnated aramid plies on
the bottom (matrix crack, fiber failure, and a slight cone formation). On the contrary, structure
F, having PB400 as the impact face, does not show significant damage on the bottom face of
the aramid plies. PB400 having a higher density limits the damage induced on the back face of
the aramid plies.

This is also observed when comparing structures C (Figure 111-8. a) and G (Figure 111-8. a).
The damage left on PB250 (structures G) is around 51 mm with a depth of 24 mm, whereas the
damage left on PB400 (structures G) is around 31mm with a depth of 13 mm. The impact
damage depth left on PB250 is 46% more significant than that left on PB400. This means that
PB400 can reduce the velocity of the impactor and resist the impact more effectively than
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PB250. As for the mechanisms of damage, it is shown that PB250 leads to more material
crushing than PB400. To further compare the foam density influence under the impact,
structures K (Figure I11-7.a) and M (Figure I1l1-7.c) are studied. Both have the same
configuration, structure K with PB400 shows no damage on the back face, yet structure M
shows fiber breakage and cone formation (damage length 23 mm). The comparison between
structures L and N leads to the same results. PB400 shows a higher ability to stop the projectile,
leading to minor damage on the aramid plies at the back. This density influence is extensively
studied in the literature. The impact behavior and the mechanical properties increase as the foam

density increases [8,18].

The morphology of damage is affected by the location of the aramid plies, the foam density,

and the aramid plies impregnation.

Further assessment of the performance of the hybrid structures is investigated in the next

section.
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(© (d)
25 plies aramid neat S=———==== 25 plies aramid/epoxy | PB400

Figure 111-5: Post-impact inspection of the hybrid structures with 25 plies (impregnated and neat) and PB400
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(a) (b)

underneath the foam

(©) (d)
25 plies aramid neat === 25 plies aramid/epoxy [l PB250

Figure 111-6: Post-impact inspection of the hybrid structures with 25 plies (impregnated and neat) and PB250
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Impact face Bottom face Impact face Bottom face

(b)

Impact face Bottom face Impact face Bottom face

(c) (d)
5 plies aramid/epoxy === 20 plies aramid/epoxy |l PB250
[ PB400

Figure 111-7: Post impact inspection of the hybrid structures with 25 impregnated plies distributed with PB250,
and PB400
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25 plies aramid neat PB250 PB400

Figure 111-8: Damage mechanisms of structures with neat aramid as impact face, (a) for PB400, and (b) for
PB250

111.3.2 Back Face Signature and indentation.

After each impact test, the BFS left on the backing material and the permanent indentation is
measured. These parameters describe the capacity of protection that the structures have when

subjected to impact. The results of the impact test are summarized in Table 1-3.

Table 111-3: Indentation and Back Face Signature of the hybrid structures
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Structures [ Impact velocity (m/s) [ Sample thickness (mm) | Sample mass (g) | Permanent indentation (mm) |Back Face Signature (mm)
2 A 178 15 200 34 34
S B 183 8.3 451 4.35 8.7
C 182 57 821 13.43 0
= D 175 49 888 8.9 0
©
E E 170 57 800 46 13
S F 180 52 900 37.8 11
& K 179 48 902 35.73 0.4
L 176 48 885 22.47 0
G 185 57 669 24.36 0
E H 175 50 789 8.7 0
§ | 177 58 700 57 14
8 J 186 50 801 40.62 5.37
g M 169 49 762 39.92 7.8
N 172 49 770 41.8 1.8

For the non-hybrid structures, the 25-impregnated aramid plies show less BFS and permanent

indentation than neat ones by 74% and 87%, respectively.

The permanent indentation and BFS of the hybrid structures are presented in Figure I11-9,
Figure 111-10, Figure I11-11, and Figure 111-12.

Results show that hybrid structures with aramid plies as impact face (structures C, D, G, and
H) have 100% less BFS than conventional composite laminates (impregnated, structure B and
neat, structure A), which means a BFS equal to zero. However, the hybrid structures have a

50% higher mass than the samples without foam.

Figure I11-9 shows the permanent indentation and the BFS of the structures with PB250. The
influence of aramid plies position is discussed at first for structure with PB250. Structure H
with 25 impregnated plies as impact face shows zero BFS since the aramid plies stop the
impactor. However, when the aramid plies are placed at the back face (structure J), the BFS is
increased to 5.37 mm. The permanent indentation reveals the complete perforation of the epoxy
foam, showing a 366% increase compared to structure H. Structure G and | with neat aramid
plies show similar results, where placing the aramid plies as impact face prevents the BFS and
decreases the permanent indentation by 57%. The comparison between structures J, M, and N
reflects the influence of aramid plies position. The permanent indentation of the three structures
shows that the projectile perforates the PB250 foam layer. Adding 5 or 20 impregnated aramid
plies as impact face is not enough to prevent the projectile penetration inside the foam. Structure

M with five aramid plies as impact face and 20 as back face shows a 38% increase in BFS
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compared to structure J. Structure N with 20 plies as impact face decreases the BFS by 76%
compared to structure M. This means that structure N can reduce the damage induced on the
back face more effectively than structures J and M. The 20 aramid plies as the impact face
reduce the velocity of the projectile. The latter is then stopped by the five bottom plies

preventing the full perforation of the structure.

60 57
Permanent indentation Il BFS &S
50
40,62 39,92 418
40
=3
£ 30
20
10 8,7

5,37
. o
0

25 plies aramid neat 25 plies aramid/epoxy 20 plies aramid/epoxy 5 plies aramid/epoxy PB250

Figure 111-9: Permanent indentation and Back Face Signature of structures with PB250

The influence of aramid plies location is also seen when comparing structures with PB400
(Figure 111-10). Structures C and E with 25 neat aramid plies and structures D and F with 25
impregnated plies show similar results regarding the aramid position. The projectile did not
perforate the 25 aramid plies (neat or impregnated), leading to zero damage on the back face
(BFS=0 mm). However, when the aramid plies are located at the back (structure E and F), the
projectile perforates the whole foam layer, increasing the permanent indentation of 324% for
structure F and 242% for structure E. This induces a BFS of 1.1 mm and 13 mm for structures
F and E, respectively. For structures L and K, where the 25 impregnated plies are distributed,
the structure with 20 plies as impact face (structure L) reduced the permanent indentation by
37% and the BFS from 0.4 to zero compared to the structure with five plies as impact face. In
both cases, the permanent indentation shows that the projectile did not perforate the whole

thickness of the PB400. Comparing structures F and K, adding five plies as impact face and 20
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as back face instead of a stack of 25 plies on the back improved the BFS by 63%. This means
that in the case of PB400, both configurations with 20/5 plies distribution show enhanced

impact behavior compared to 25 plies at the back.

The behavior of the structure, when subjected to impact, is significantly dependent on the
aramid plies position. Twenty-five aramid plies can stop the projectile, and the cone formed on
the back face or the wedge-through is contained inside the thickness of the epoxy foam leading
to zero BFS.

The impregnation of the aramid plies directly influences the amount of deformation seen on
the back face and the dent depth left by the impactor. Figure 111-9 shows structures H and G,
both having aramid plies as impact faces. The impregnated aramid plies (structure H) show 64%
less permanent indentation than the neat ones (structure G). The neat aramid plies of structure
I, placed at the bottom, increased the BFS by 160% compared to impregnated aramid (structure
J). Likewise, Figure 111-10 shows that 25 impregnated plies of structure F reduced the BFS by
91% compared to neat aramid (structure E). This means that the impregnated aramid plies can
reduce the BFS by limiting the deformation of the aramid plies on the back. An additional mass
results from the impregnation, a maximum weight increase of 17 % is shown between structures
G and H.
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25 plies aramid neat 25 plies aramid/epoxy 20 plies aramid/epoxy 5 plies aramid/epoxy

PB400

Figure 111-10: Permanent indentation and Back Face Signature of structures with PB400
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The influence of the epoxy foam density is observed in Figure 111-11 and Figure 111-12,

Structures C and G (Figure I11-11) have the same configurations, neat aramid plies as impact
faces but with PB400 and PB250, respectively. Structure C show 45% less permanent
indentation than structure G. Structures F and J have the same configuration; 25 impregnated
aramid plies are located at the back face, with PB400 and PB250 as impact faces, respectively.
PB400 as impact face shows 80% less BFS and 7% less permanent indentation than the structure

with PB250 as impact face.

Figure 111-12 shows the density influence of the structure with 20/5 impregnated aramid plies
distribution. Structure M and K have the same configurations, yet structure M with PB400 show
94% less BFS and 11% less permanent indentation compared to structure K with PB250.
Structures with 20 plies as impact face show that structures with PB400 (structure L) reduced
the BFS from 1.8 mm to zero and reduced the permanent indentation by 46%. The projectile in
the case of structure L is stopped after perforating the aramid plies, and its penetration in the
epoxy foam is minimized; this is also seen in Figure 111-7.b. It shows that the behavior of PB400
is more efficient than PB250 in terms of BFS and permanent indentation. However, this

amelioration results in a maximum increase of 23 % in weight (comparing structures C and G).

These results are compatible with the ones seen in section 3.1 and with the literature regarding

the density influence of the mechanical properties of foams.
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Figure 111-11: Indentation and BFS of same configuration structures with 25 aramid plies with different foam

densities

3992 41,8 Permanent indentation [l BFS

40
35,73
35
30
AZ
E 5 22,47
=20
15
10 7.8
N
5 \
0 N 04 ' 0

25 plies aramid neat 25 plies aramid/epoxy 20 plies aramid/epoxy 5 plies aramid/epoxy pg4og PB250

Figure 111-12: Indentation and BFS of same configuration structures with 20/5 aramid plies with different
foam densities
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The studied hybrid materials have different masses since the configurations include different
foam densities and different impregnation levels for aramid plies. To compare the protection
efficiency of the hybrid structures per unit mass, a ratio margin/mass is calculated, Figure
I11-13. The margin is the thickness left undamaged in the structure after impact; it is calculated
according to Eq. 1. As the ratio increases, the specific protection capacity of the structure and

ability to stop the impactor per unit mass increases. The results are presented in Figure 111-14.

Figure I11-13: Schematic of the margin
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Figure 111-14: Margin/mass ratio for hybrid structures
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The highest ratios are achieved with structures having aramid plies as impact faces. Structures
C with neat aramid as impact face backed with PB400 show an increased ratio of 17 %
compared to structures D, which has impregnated aramid as impact face. However, structures
with PB250, having aramid plies as impact face, the impregnated plies (structure H) show a
higher ratio of 6% compared to neat aramid (structure G). Structure C and structure H have a

similar ratio, meaning they can achieve the same level of protection.

Among the structures with epoxy foam as impact face, structure F with PB400 and 25
impregnated aramid plies show a higher ratio. Neat aramid plies as the bottom face, compared
to impregnated ones, show a 13% decrease in the ratio in the case of PB400 and 91% in the

case of PB250. This is due to higher permanent indentation seen in neat aramid plies.

The 20/5 plies distribution of impregnated aramid did not significantly improve the ratio
margin/mass compared to structures with 25 aramid plies as impact face. Structures with the
lowest density (structures M and N) show poor specific protection capacity, and no
improvement is shown compared to structure J. This is due to the lack of resistance of the foam
against the impactor after perforating the aramid plies. Whereas structure L with PB400 and 20
plies as impact face improves the ratio by 81% compared to a structure with 25 plies as the back
face (structure F and E). The capacity of protection of structure L is still 44% and 35 % lower
compared to structures H and D, respectively. The above analysis indicates that 25 aramid plies
located as the impact face are necessary to reach the highest level of protection. A structure
with 25 neat aramid plies backed with PB400 has the same level of protection as 25 impregnated
aramid plies backed with PB250.

Those structures can eliminate the BFS seen in structures without epoxy foam. This BFS
improvement comes with a 50 % weight increase. Since the impactor does not perforate the 25
plies, there is a potential to reduce the thickness of the foam placed on the back, resulting in a
weight decrease while conserving zero BFS. The parameters studied in this work offer a solid

ground for weight and design optimization of the hybrid structures.

111.4 Conclusion

The impact behavior of the hybrid epoxy foam/aramid fibers structures is studied when
subjected to high-velocity impact. This work investigates the ability of this hybrid material to

117



Experimental study of high-velocity impact behavior of hybrid structures

preserve the integrity of the protected structure. The protection capacity is studied for several
configurations by comparing the dent left on the backing material (BFS), permanent
indentation, and the post-impact visual inspection of the structures. This work evaluation gave

the following outcomes:

o Compared to neat aramid, impregnated plies reduce BFS by 74% when impacted at a

velocity of 180m/s.

e The location of aramid plies plays an essential role in the performance of hybrid
structures. When it is located on the impact face, it eliminates the BFS (reduce it to zero)

compared to structures without epoxy foam, yet with a 50% increase in mass.

o The layer of epoxy foam as impact face, whether PB250 or PB400, fails to withstand
the impact of the projectile, and it is only at the aramid level that the projectile is

stopped.

e The closed-cell epoxy foam PB400 proved to have a higher protection capacity. It shows
an 80% improvement over PB250 concerning the BFS. PB400 as impact face decreases
the velocity of the impactor more efficiently than PB250, leaving minor damage on the

aramid plies.

e Since weight is essential in evaluating protection materials, the ability to stop the
projectile per unit mass for hybrid material is compared. It is shown that a structure with
25 impregnated plies as the top face backed with 44 mm of PB250 epoxy foam has the

optimal ratio compared to the other hybrid structures.

Based on the investigations done in this study, the hybrid structures with impregnated aramid
plies as impact faces prove to be a potential protective material. The proposed material can be
used in protection applications where thickness is not a constraint. Several amelioration factors
can be outlined, such as decreasing the thickness of the epoxy layer, distributing the aramid
plies in the core of the structures, and using multiple foam densities inside a single structure to

improve the effectiveness-to-weight ratio.
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Chapter IVV.  Numerical Modeling of Epoxy
Foam/Aramid Fabric Hybrid Structures

Résumé en francais

MODELISATION DES STRUCTURES HYBRIDES MOUSSES EPOXY/TISSUS
ARAMIDES

Introduction :

Ce chapitre présente la modélisation des structures hybrides mousses époxy/tissus aramides
soumises a un impact a faible et moyenne vitesse. La modélisation des plis d’aramides est basée
sur l'approche semi-continue. La mousse époxy est modélisée avec une loi de matériau
élastique-plastique dite ‘crushable foam’ en compression et par un paramétre
d’endommagement utilisateur pour représenter la rupture fragile observée expérimentalement
en traction. La stratégie de modélisation des structures hybrides est validée par des essais

expérimentaux d'impact a faible et moyenne vitesse.

Principaux travaux et résultats :

L'objectif du modele numérique est de représenter le scénario d'endommagement observé
expérimentalement lorsque la structure hybride est soumise a un impact. Le modéle numérique
sera un outil d'optimisation pour de futurs travaux. Les plis d'aramide sont modélises avec une
approche semi-continue basée sur des études précédentes réalisées au sein de I'équipe. Le
modele semi-continu est introduit par Navarro et al. et développé par Pascal et al. Ce modéle,
basé sur des observations expérimentales de la structure soumise a un impact, est capable de
représenter les comportements suivants : les plis non endommagés, I’endommagement matriciel
qui laisse les torons de fibres non stabilisés et ’endommagement de tous les composants des
plis. Dans ce modeéle, la résine est représentée par des éléments plaques et les torons de fibres
par des éléments barres. Pour respecter le motif de tissage, les éléments barres, placés sur des
nceuds virtuels, sont reliés aux éléments plaque par des liens rigides. Lorsque 1'é1ément plaque

casse, le contact peut difficilement étre représenté entre les fibres. Par conséquent, dans la
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présente étude, un élément volume 3D est développé pour représenter la résine et des éléments
barres sont placés sur ses nceuds réels, ce qui permet de représenter le contact entre les fibres.
Une loi de contact est introduite entre les fibres. Les paramétres du modele numérique sont
choisis par identification inverse basée sur des essais de traction ainsi que des essais d’impact
poids tombant sur des échantillons de fibres imprégnées disposées a 90° et + 45°. Le modeéle
numérique représentant la mousse époxy est une loi matériau élastoplastique. Le domaine
élastique est définie par la loi de Hook et le domaine plastique, par des courbes définies par
I'utilisateur. Des parametres d'endommagement sont introduits dans la loi du matériau afin de
représenter la rupture observée expérimentalement sur la mousse époxy. Les parameétres du
modéle numérique sont choisis par identification inverse basée sur des essais de traction, de

cisaillement et de compression dynamique.

Le matériau du support est modelisé avec la loi matériau de Cowper Symonds et dont les

parametres sont basés sur la littérature.

L'essai a basse vitesse est modélisé pour trois configurations comportant trois plis d'aramide
répartis differemment dans I'épaisseur de la structure. Le modele numérique décrit bien le
comportement observé expérimentalement et les courbes effort/déplacement montrent un bon
accord entre les résultats numériques et expérimentaux. Le scénario d'endommagement est
identifié. On constate que la mousse époxy se densifie sous I'impacteur et forme un bouchon.
Le bouchon appuie sur les plis d'aramide et conduit a leur rupture. Une rupture par traction est

observée sur la face opposée a I'impact sur la mousse époxy.

Les impacts a vitesse moyenne sont modélisés. Cing configurations différentes sont testées
numériquement et la morphologie des dommages et la BFS (empreinte laissée aprés impact
dans le matériau de support) sont comparés. Le modele numérique montre une bonne corrélation
en termes de propagation des dommages et de BFS par rapport aux résultats expérimentaux. Le
mode de rupture des plis d'aramide est représenté par des fissures de la matrice et par la rupture
des fibres. Une rupture en forme de croix est observée sur la face opposée a I'impact dans les

plis d'aramide. La mousse s'endommage par écrasement.
Conclusion :

Le modele numérique est capable de capturer plusieurs modes de dommages observés

expérimentalement. Le modéle semi-continu développé représente bien les modes

124



Numerical modeling of epoxy foam/aramid fabric hybrid structures

d'endommagement observés dans les stratifiés composites imprégnés, caractérisés par la
fissuration de la matrice et la rupture des fibres. La mousse époxy s’écrase sous I’impacteur et
rompt en traction sur la face opposée a I’impact. Ce modéle numérique aidera a trouver une

configuration optimale de structure hybride pour une application de protection.
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On the low and high-velocity impact modeling of hybrid epoxy foam/aramid fabrics

structures

L. Boutros, P. Navarro, S. Marguet, I. Tawk, J.F.Ferrero

Abstract

This paper models epoxy foam /aramid woven plies hybrid structures subjected to low and
medium-velocity impact. The modeling of the aramid woven plies is based on the semi-
continuous approach. Epoxy foam is modeled with an elastic-plastic material law known as
crushable foam and a user failure model to represent the experimentally observed brittle
failure. The modeling strategy of the hybrid structures is validated by experimental low-velocity
impact tests and medium-velocity impact tests. The numerical model represents damage

sequences and correlates well with the experimental results.

1VV.1 Introduction

Lightweight, protective materials are widely used in transportation, sports accessories,
packaging, satellites, and many more. Their protection capacity strongly depends on the
material, design, and application environment. This article deals with modeling hybrid
protective structures subjected to low and high-velocity impact. The hybrid structures combine

aramid woven plies with different densities of epoxy foams.

In the pursuit of lightweight and protective materials, cellular materials are widely studied
for impact resistance. Honeycomb, open-cell, and closed-cell foams show high-energy
absorption due to their ability to deform over a long stroke at an almost constant load in
compression [1]. Polymeric foam can absorb a high amount of specific energy when the cells
bend, buckle or crush [2]. Three main phases can describe the typical behavior of polymeric
foams under the impact, localized deformation, buckling of the cells and crushing, and finally,
the densification where the cell walls are in contact, theoretically leaving zero voids. The
behavior of polymeric foams is highly dependent on their complex microstructure, cell type,
size, and density [3,4]. Despite the complex microstructure of polymeric foams on a small scale,
they can be considered homogenous on a larger scale. Several studies drew necessary attention

to modeling their mechanical behavior, particularly under impact. Two primary modeling levels
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exist, the microscopic scale and the macroscopic scale. The micro modeling of open and closed
cell foams is done through a particular unit cell geometry suitable to be a repeated unit. Hence,
the mechanical behavior of this unit cell can be deduced by considering that the cell edges are
made of structural elements [5]. However, this simplified modeling does not provide
accountability for the onset damage [6]. Aubry et al. [7] proposed a modeling strategy for
polymeric foam. The foam is modeled on the scale of the microstructure using a representative
unit cell, then a change in scale strategy is applied. This strategy succeeded in analyzing the
fine degradation of the foam, even for large structures, since significant computational time
gains can be achieved due to the change in scale strategy. As for the modeling on the

macroscopic level, the foam is considered homogenous and treated as a continuum material.

Foam material models can be differentiated into non-linear elastic and elastic-plastic. For the
non-linear elastic, the response is usually calculated from a strain energy function [8]. The non-
linear elastic foam behavior, usually presented by high compressible low-density foams, is
modeled based on hyper-elastic and viscoelastic theories. Ogden [9] proposed a strain energy
function to derive the stress-strain relationship for isotropic foams. Then, Jemiolo et al.

extended this model to cover the anisotropy under finite deformation [9,10].

On the other hand, elastic-plastic constitutive models include the most common one
developed by Deshpande and Fleck [11], which is also known in commercial FE software under
"crushable foam" [12]. Deshpande and Fleck's model is based on defining a yield surface, and
the evolution of this surface is studied for uniaxial and hydrostatic stress paths. The developed
model is applied to the metallic foams and shows good agreement between experimental and
theoretical results. While the definition of this model consists of defining the hydrostatic
strength, it was found to be challenging to get this type of data experimentally. Carranza et al.
propose a characterizing procedure for polymeric foam by defining the yield surface with more
straightforward uniaxial tests. The authors used a subroutine to account for the failure in tension

and shear. The study showed good agreement between numerical and experimental results [13].

Nerveless, the classical material law crushable foam shows some limitations in representing

some failure modes observed experimentally, especially for brittle foams.

Another material widely used against impact is composite materials. Their effectiveness-to-

weight ratio makes composite materials interesting for protection applications. One of the most
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used fibers in protection applications is aramid fibers. Aramid fibers marked under Kevlar®
and Twaron® show superior impact properties since they have high strength, high modulus,
and good tenacity [14]. Usually, the impact on woven composite plies generates different modes
of damage, such as matrix cracking, delamination, and fiber breakage [15,16]. Modeling those
woven plies can be challenging, especially when there is an interest in representing the exact
damage mechanisms. Several modeling scales exist for composite plies: the macroscopic scale,
the microscopic scale, and the mesoscale. The macroscopic scale modeling is based on the level
of the laminate or sub-laminate. It is usually used for modeling significant scale structures. This
model aims to predict the global response of the laminate, the global stiffness, load-carrying
capacity, stability, and post-peak behavior of the laminates rather than predicting the detailed
damage events [17]. The damage criteria in such models can be homogenous criteria like Tsai-
Wu or Tsai-Hill [18]. The microscopic scale is built at the fiber level. The primary purpose of
this modeling scale is to understand the physical behavior of the composite. The modeling is

based on a representative unit cell with a detailed geometry.

Several studies focused on microscale modeling to investigate progressive failure, fiber-
matrix debonding, and friction [19-21]. This modeling scale is not usually used for design
engineering problems since it is computationally costly. The mesoscale, ply-based model is
intermediate between macro and micro-level modeling. Homogenous layers represent the
laminates or sub-laminates throughout the thickness [22], and cohesive interfaces are added
between the layers to model the delamination [17]. This modeling scale can predict the essential
mode of failure in composite laminates: delamination, fiber failure, and matrix crack. The
discussed scales can be combined in multiscale modeling. The material/structure is represented
at different scales [17]. Two types of multiscale exist, the hierarchical and the concurrent
multiscale models. Hierarchical is one of the popular approaches, where the property of the
material is transferred from microscale modeling to macroscale modeling, using
homogenization theories [17], [23]. As for the concurrent multiscale modeling, both scales can
exist simultaneously in the model. The macroscopic scale represents the undamaged areas,
whereas the microscopic scale models the damaged area. Despite the advantages of multiscale
modeling, it suffers from some limitations regarding crack initiation and evolution on the ply
level [24].
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As for damage modeling, two main strategies exist the continuum and the discrete. The
continuum damage model is typically used to model intralaminar damage. The continuum
damage mechanics (CDM) aims to predict the influence of microscale damage on the
macroscale level. This prediction is made through mathematical relations linking the damage
to the macroscale properties of the material [17,25]; those relations are based on stress, strain,
or energy equivalence [25]. Several damage variables are introduced into the stiffness matrix.
This model cannot provide an accurate representation of delamination or crack propagation.
Another damage modeling approach is the cohesive zone models (CZM) approach which aims
to model the intralaminar and the interlaminar damage using cohesive elements [26]. Bouvet et
al. [27] proposed a modeling approach called Discrete Ply Modeling Method; the model
introduces cohesive elements representing the matrix crack in the plies and between them. The
proposed model could represent the impact response on UD carbon/epoxy laminates taking into
account the relationship between intralaminar matrix cracking and delamination. The CZM
requires a predefined crack path and additional crack propagation criterion leading to limitations

in the case of more complex crack propagation [28].

Another approach is the semi-continuous approach found by Navarro et al. and further
developed by Pascal et al. [29,30], which is used to model the impact on woven laminates. The
main principle of this strategy is to differentiate between matrix and fiber failure. It can
represent the continuous behavior of the undamaged composite plies and the discrete behavior
where the bundles of fibers are left non-stabilized when the matrix is fully damaged. In this
approach, the resin is modeled with damageable shell elements, and the fibers are modeled with
rod elements. The positioning of the rod elements represents the weaving pattern. In these semi-
continuous models, once the shell element is damaged, the model can hardly represent the
slippage and the friction between the yarns since rigid links remain and avoid contact between
the rods.

This study presents a modeling strategy for the hybrid epoxy foam/ aramid fabric layer
structures. The epoxy foam is modeled with an elastic-plastic material law (crushable foam). A
user failure law is implemented to represent the modes of failure observed experimentally.
Aramid/epoxy composite is modeled with a strategy based on the semi-continuous approach.

The epoxy resin is modeled with a damageable eight nodes volume element, and the bundles of
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fibers are modeled with 1D rod elements. To represent slippage and friction, a contact law

between rods is introduced.

IV.2 Aramid plies modeling strategy

This study presents an extended version of the semi-continuous approach to model a 4-

harness satin weave aramid/epoxy composite. A contact is added between the bundles of fibers.

1V.2.1 Developed semi-continuous model

The developed semi-continuous model in the present study includes volume elements
representing the epoxy matrix of the composite and rod elements representing the fibers, Figure
IV-1. The placement of the rod elements respects the weaving pattern. A penalty-based contact

is added between the rods. This modeling strategy is developed in the software RADIOSS.

4-harness satin weave geometr: Modeling strategy

Elementary mesh %

Elementary pattern and

mesh of aramid fabric Fiber

bundles

Rod
elements

@) (b)

Figure 1V-1: (a) aramid ply elementary pattern and mesh, (b) semi-continuous modeling strategy
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1V.2.1.1 Solid elements

Formulation:

The eight nodes hexahedral brick element is widely used in 3D finite element analysis.
However, many numerical challenges might be encountered when using this element. A full
integration scheme may lead to volumetric locking, whereas reduced integration leads to zero
energy modes, also known as hourglass energy modes. In the presented model, a volume
element with a single integration point in addition to the hourglass control treatment defined in
[31] is implemented. The formulations used for the volume element and the hourglass control

are described [32]. For more details refer to Appendix C.

Constitutive law and damage variables:

The volume element representing the resin has an elastic orthotropic behavior, with three

damage variables representing the cracks in each direction.

The damageable stiffness matrix [C] defines the stress and elastic strain relationship. It
comprises the normal stresses stiffness matrix [Cn], and shear stresses stiffness matrix [Cs]. The
stiffness matrix [Cn] is described by the elastic modulus Eii for each direction (i=x,y,z). The [Cs]
stiffness matrix is described by the in-plane shear modulus Gxy, and the out-of-plane shear

modulus Giz, (i=X,y).

6 o (1)
=g ¢
(1= vy, Vzy.dyy)Ers (vyx (1= dy) + Vor Vys dy )Ese (Vo (1 = dy) + Ve Vi . dyy ) Eny |
1 — Vdeg 1 — Vieg 1 — Vieg
(ny (1 - dx) + Vzy Vxz - dxz)E;y (1 — Vxz Vzx - dxz)E;y (sz (1 - dz) + Vy Vazx - dxz)E;y
1- Vdeg 1- Vdeg 1- Vdeg
(sz (1 - dx) + ny Vyz . dxy)Ez*z (Vyz (1 - dy) + Vyx Vyz - dxy)E;z (1 - ny Vyx . dxy)Ez*z
1= Vgeq 1—Vgeq 1—vgeq
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26,, 0 0 ©)
C1=]|0 26, O
0 0 26,

Where, Vaeg = Vay Vyx Ay X Vaez Vi Gz X Vyy Vi iy — 2(Vyyx Vyyy Vi diyyy (1 — d )
Epx *= Exy(1 = dy), By, = By, (1= d,), E;; = E;,(1 = dy), Gy = Gyy- dsnear »
Gyz = Gxz-Ayzr Gy = Gypedyy,

Aoy = (1=dy)(1 —dy), dyy=1—~d)A~dy) dyy =(1-d,)(1~d,)

Eyx, Eyy and E,, are Young’s moduli in directions X, y, and z. Gy, G, and G,,, are the shear
modulus of the x-y, X-z, and y-z planes. v;; is the material Poisson’s ratio (i,j = X,y,z). d; is the
damage variable in directions X, y, and z. dg,.4, 1S the damage variable of the shear modulus in

the x-y plane.

The evolution of the damage variables is based on the thermodynamic forces, also known as

energy release rates:

0 ifY; <Y
d; = sup Vi Zh _\/70 ;
=2 A RGERC @)

1 :
if V% - T > T
The parameter Y, controls the damage initiation inside the resin matrix, and Y, controls its
evolution. Y;, which is the thermodynamic force in the local direction i, can be calculated

through:

oW,

=34, (5)

Where W, is the elastic energy.
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The pseudo-elastic behavior of the woven plies under in-plane shear loads is represented
classically by an elastic behavior with a plastic correction based on the Newton-Raphson
iteration scheme. An elastic field is defined by:

(6)

f= |Txy| - Kplaspﬁ —Tp

where 7., is the in-plane shear stress, 7, is the yield stress, K, and g are material
parameters defining the plastic hardening law, and p is the cumulative plastic strain. The plastic
correction occurs if the elastic field f is greater than 0. It is based on the Newton-Raphson

iteration scheme to update the plastic shear strain, ny, and p:

Yay = Viy + Vay (7)
where v, is the total shear strain and vy, is the elastic shear strain.

Based on the experimental observation of Pascal et al. [30], another damage variable is added

concerning the in-plane shear modulus G,,,. The damage variable d,,, is introduced:

. 8
0 if VY < Vmax ®)

d =
shear {1 if Y2, > Vhax

where y}> ... is the in-plane shear plastic strain to rupture. The shear behavior is fully damaged
when this value is reached.

1VV.2.1.2 Rod elements

Rod elements of RADIOSS (truss elements) represent the bundles of fibers. The cross-
sectional area (S) of the rod elements is calculated based on the fiber volume fraction, the
thickness of the woven aramid ply and the mesh size. The rod elements are placed in a way to
represent the weaving pattern of the aramid fabric (Figure 1V-1). These elements have an elastic

behavior with a brittle failure in tension. A maximum strain criterion (&,,,,) monitors the failure
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in the rod elements. A penalty-based edge-to-edge contact is introduced between the rod

elements.

1VV.2.2 Parameter identification

The material parameters of the aramid/epoxy composite are identified with experimental
tests, and it is based on reverse identification. The values are presented in Table IV-1. First, the
fiber modulus E and strain at rupture e,,,, are deduced by conducting a tensile test on neat
aramid specimens having (0/90) ° orientation. The matrix elastic modulus (E,,..; = E;;), shear
modulus (Gpqe = G;;) and the plasticity parameters ( 7o, K145, B) are established through
tensile tests on (0/90) ° and +45° oriented impregnated specimens. Impregnated aramid/epoxy
specimens have a fiber volume fraction of 37%. As for the failure parameters of the matrix,
drop-weight impact tests are achieved to determine the damage evolution variables. The

coefficient of friction between the rods is set to 0.3 based on literature [33].

Table 1V-1: Identified parameters of impregnated aramid ply

Volume elasticity | In-plane shear plasticity | Volume damage | Rod elasticy and failure
Epmae (MPa) 4500 | Gpgr (MPa) 3500 | v, (MPa) o5 Ef(MPa) 45000
v 0.3 To (MPa) 50 | Y, (MPa) ©52 Emax(%) 1.7
Kpias (MPa) 25 | yP. (%) 26 S (mm?) 0.078
B 0.2

IVV.3 Epoxy foam modeling strategy

1VV.3.1 Formulation

The material law used to model the epoxy foam is usually used for honeycomb and crushable
foams found in RADIOSS under MAT/LAW?28 [32]. A Hookian law governs the elastic region.
The plastic and the densification region are governed by user-defined functions describing their
behavior. The user-defined functions are input curves for true stress and true strain. The curves
are identified by conducting experimental tensile, shear, and compression tests. Volume

elements are used to model the foam.
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1V.3.2 Damage

A time-dependent dynamic failure law is introduced to handle the damage inside the epoxy
foam. The objective is to represent the behavior observed when the foam is crushed. To do so,
only the deviatoric part of the stress tensor is deleted when reaching the failure criteria. The
spherical part of the stress tensor will remain to represent the change in volume in the elements.
This damage law is based on Tuler-Butcher [34] cumulative damage integral D.This failure law
is not considered instantaneous but it needs a specific amount of time to initiate the failure,
where it takes place when o (the maximum principal stress) exceeds o, (the fracture stress) and
lasts for a certain period until the cumulative damage integral reaches the critical value K. The
cumulative damage parameter D is presented in (Eq.9), and when it reaches 1, the failure

occurs:

_ (*max (0,(c — g,)Mdt
p=| ©

K

Where t is the time, A is a material constant (typically set to 2 [34]). o,- can be identified as

the dynamic tensile yield point or the true static tensile stress for failure.

Experimental observation showed that the epoxy foam specimen encounters tensile failure
when subjected to impact with a hemispherical shape indenter. Consequently, a failure model
in tension is introduced. This law is based on calculating the principal strains (&, &, &) at
each time step and comparing them to &,,,,, the maximum strain to failure criterion defined by
the tensile test. The element is deleted if one of the principal strains exceeds the failure criteria.

For more details refer to Appendix D.

if max(ey, &, &) > &y thenrupture (10)

1VV.3.3 Parameters identification

The calibration process of the material is based on mechanical tests using the fitting
technique. Dynamic compression is conducted to extract the compressive modulus. Tensile tests

are performed to extract the tensile modulus, the fracture stress o,., and the maximum strain to
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failure parameters. As for the shear tests, they are achieved to identify the shear modulus. In
addition, these tests are used to define the input curves for the material law describing the epoxy
foam. A dynamic indentation test is also performed to identify the parameter K. The
identification is performed for an epoxy foam PB250 (density of 250 kg/m®). The results are
presented in Table 1V-2.

Table IV-2: Material properties for each foam used in the RADIOSS model

Compressive modulus (MPa) 72
Tensile elastic modulus (MPa) 180
Shear modulus (MPa) 18
K (MPa*. ms) 7.15
Damage variables o, (MPa) 2.9
Erup 0.048

1VV.4 Numerical results and discussion

The following section presents the ability of the numerical model to predict impact damage
inside the hybrid structures. The assessment is done through drop weight mechanical tests and

gas gun tests.

1V.4.1 Drop weight impact test

This section describes the drop-weight experimental test, the modeling of the test, and a

comparison between numerical and experimental results.

1V.4.1.1 Experimental apparatus and numerical modeling

Three configurations of hybrid structures combining epoxy foam and aramid fibers have been
tested. The configurations are presented in Table 1V-3. The solid black lines represent the
aramid plies. The structure combines PB250 epoxy foam with three aramid plies. The first
configuration [PB250-3plies-PB250] contains three aramid plies embedded in the middle of the
structure. In the structure [1ply-PB250-2plies-PB250], one aramid ply is placed on top, and two
in the middle. Structure [PB250-2plies-PB250-1ply] has two aramid plies in the middle and one
on the bottom. The hybrid structures have a dimension of 100x100x30mm?.
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The low-velocity impact test is done through a drop-weight machine (Figure 1V-2). A
hemispherical impactor of 16 mm diameters, weighing 2 kg, is dropped to reach an impact
velocity of 6 m/s.

A technique used to assess body armor materials is used in this work. A backing material
called clay witness is put behind the structures during the impact to measure the indentation left
on the back. The dent depth left on the clay is known as the back face signature (BFS); it helps
assess the protection capacity of the hybrid structures. The clay is confined inside a wooden
box having a dimension of 130x130x25mm.

Table IV-3: Hybrid structures configuration having one or more foam densities, where aramid plies are
distributed in different locations

Configuration [PB250-3plies-PB250] [1ply-PB250-2plies-PB250]  [PB250-2plies-PB250-1ply]

Represe ntation —— - ————

Impactor
@16 mm
M=2kg
Structure
\ V=6m/s
I Clay
30 mm / witness
25 mmT

Figure IV-2: Experimental setup of drop weight impact test

The impact is modeled with a rigid sphere with an imposed initial velocity and the same mass
as the experimental test. A solid-to-solid contact is defined between the hybrid structures and
the clay. The clay bottom face and the four edges are fixed. An elastoplastic material law
implemented in RADIOSS (/MAT/LAW44-COWPER [32] ) is used to model the clay material,
and its mechanical properties are identified following the National Institute of Justice standards
[35]. The mesh size used for all the components is 1 mm, which corresponds to the weaving
size of the aramid fabric (Figure IV-3). The calculation time is around 6 hours over 72

processors, and the number of elements in the model is 7x10°.

137



Numerical modeling of epoxy foam/aramid fabric hybrid structures

Aramid/epoxy plies

25 mm

Figure IV-3: Numerical modeling of the low-velocity impact

1V.4.1.2 Results and discussion of drop weigh test

This section compares the experimental and numerical results regarding load versus
displacement curves, permanent indentation, and back face signature of the low-velocity test.

Finally, the scenario of damage to the hybrid structures is analyzed.

The experimental and numerical load versus displacement curves for structure [PB250-
3plies-PB250] and the scenario of damage are shown in Figure 1V-4. The presented curves
show a satisfactory correlation between the experimental and numerical results. From 0 mm to
10 mm in displacement, the behavior begins with a linear response. Then, the slope increases
at 10 mm in displacement (point A); at this stage, the elements underneath the impactor are
subjected to crushing and densification, leading to a plug creation. This plug is also seen
experimentally. The plug pushes against the aramid plies, increasing the load to 2.5 kN.
Afterward, at point B, aramid plies begin to fail. A drop in load is measured. Matrix cracks and
fiber breakage characterize the failure. The damage sizes for matrix crack, fiber breakage on
the top layer of aramid plies, and bottom face are 14 mm, and 15 mm, respectively. A cross
shape failure occurs after the tensile fracture strain is reached. The damage propagation inside
the matrix starts on the lower ply and moves upwards. During the aramid failure, cracks appear

on the bottom face of the epoxy foam placed on the bottom. The damage is characterized by
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element deletion underneath the impact area due to tensile failure. Later, a slight gain in load
occurs due to the penetration of the impactor in the bottom layer of epoxy foam. At point C, the
cracks on the bottom face of the foam propagate from the center towards the extremities. In the

end, the impactor rebounds after a displacement of around 23mm.
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Figure IV-4: Experimental/numerical results of [PB250-3 plies-PB250]
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The permanent indentation and BFS for structure [PB250-3plies-PB250] are compared in
Figure IV-5. It is shown that the numerical model provides a comparable permanent indentation
with the experimental results. However, the numerical model underestimates the BFS inside the
clay by 26% compared to the experimental BFS. This is due to the failure mode of the bottom
face in those structures, where epoxy foam fails due to high tensile stress, leading to crack

propagation. Some pieces of the epoxy foam sink inside the clay, which results in higher BFS.
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Figure IV-5: Back Face Signature and permanent indentation of structure [PB250-3plies-PB250]

The experimental and numerical load versus displacement curves and section view of
structure [1ply-PB250-2plies-PB250] and [PB250-2plies-PB250-1ply] are shown in Figure
IV-6. In both cases, the numerical model agrees well with the experimental results. The load-
displacement curves in Figure 1VV-6.a show an increased initial stiffness due to the aramid ply
at the impact face. The ply is fully perforated, and the indenter reaches the two plies in the
middle, causing their failure. Element deletion due to tensile failure occurs on the bottom face
of the lower epoxy foam. The actual structure also suffers from cracks propagation on the
bottom face. The impactor rebounds at the displacement of 23 mm. Figure 1V-6.b shows similar
behavior compared to structure [PB250-3plies-PB250] (Figure 1V-4). However, no crack
propagation is captured on the bottom face. This is due to the presence of the aramid/epoxy ply
located at the bottom. This is also seen experimentally. The two aramid plies in the middle fail

due to fiber breakage and matrix crack. The impactor rebound after 20 mm in displacement.

Figure V-7 shows the permanent indentation and BFS of structures [PB250-2plies-PB250-
1ply] and [1ply-PB250-2plies-PB250]. The numerical model predicted a comparable
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permanent indentation with a maximum error of 4% for both structures. Both structures do not

show

any significant BFS, neither experimentally nor numerically. (For more comparative

results refer to Appendix E).
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Figure IV-6: Experimental/numerical results of structures [PB250-2plies-PB250-1ply] and [1ply-PB250-
2plies-PB250]
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Figure IV-7: Permanent indentation and BFS results of structures [PB250-2plies-PB250-1ply] and [1ply-
PB250-2plies-PB250]

1V.4.2 Gas gun impact test

This section describes the gas gun experimental test, the modeling of the test, and a

comparison between numerical and experimental results.
1V.4.2.1 Experimental apparatus and numerical modeling

The gas gun test specimens contain 25 aramid/epoxy plies combined with PB250 epoxy
foam. The different configurations are presented in Table IV-4. A structure made of only
aramid/epoxy plies is tested as a reference (dimension 200x200x11 mm). Two configurations
are fabricated with 25 plies of aramid/epoxy stacked together and placed on the epoxy foam top
or bottom. The other two configurations are fabricated with a 20/5 plies distribution. The first
has five plies as the impact face and 20 plies on the bottom, and the second is the reverse. The

dimensions of the hybrid specimens are 200x200x50 mm

The structures are tested with the gas gun device, where a steel sphere having a weight of 11
g and a diameter of 14 mm impacts the structures. The velocity of the impact is 180 m/s. Figure
V-8 shows the experimental test apparatus. A high-speed camera is used to measure the speed
of the impactor just before striking the structures. The structures are fixed with elastic bands on
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the clay witness. The clay is confined in a wooden box, having a dimension of 300x300x60
mm.

Table IV-4: Hybrid structures configuration tested with a gas gun device

Configuration [25 plies*] [PB250-25 plies*] [25 plies*-PB250] [5 plies*-PB250-20 plies*] [20 plies*-PB250-5 plies*]
Representation ! _ _ _
* aramid/epoxy plies

Backing material

Projectile Specimen
D
Gasgun

—-

Backing
material

Support

1//
Light ‘
J . | Light

Wooden box
High speed
camera

@

(b)
Figure IV-8: (a) Graphical representation of the medium-velocity impact setup, (b) structure fixation to the

support system.
The impact is modeled with a rigid spherical wall with a mass and velocity corresponding to
the experimental test (Figure 1VV-9). Contact between the structure and the clay witness is

defined. The clay boundary conditions are replicated by blocking the three translations of the
nodes of the bottom and the four edges.

The mesh size used for all the components is 1 mm. To limit the time calculation, and since
the damage of the hybrid structures is localized, only an area of 100x100mm of the structure

neighboring the impact is modeled. The calculation time is around 50 minutes over 72
processors, and the number of elements in the model is 1.33x108.
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5 aramid/epoxy plies Impactor

d/epoxy plies

Figure IV-9: Numerical modeling of the high-velocity impact
1V.4.2.2 Results and discussion of the gas gun test

The experimental and numerical results are compared based on the damage morphology and
the back face signature. Unlike the drop weight test, the load versus displacement curves is not

recorded for these tests.

Figure 1V-10 shows the simulated impact and back face damage in matrix cracking, fiber
failure, and the back face signature for the structure with 25 aramid/epoxy plies. The predicted
damage is consistent with the experimental results for both damage modes. In both cases, the
impactor rebounded after the impact. The impact face damage is localized experimentally
around the impactor edges and beneath it having a damage diameter of 18 mm. This is
manifested numerically in cross-shaped matrix and fiber damage of 21mm diameter. However,
cross-shaped damage (matrix and fibers) appears numerically on the bottom face, increasing
the damage diameter by 76% compared to the impact face. The predicted bottom face damage
is coherent with the experimental results. The clay is also shown numerically, where the 25
aramid/epoxy plies leave a BFS of 9.5 mm on the backing material.
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25 plies aramid/epoxy
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Matrix failure

Impact face

39 mm
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Figure IVV-10: Comparison of numerical damage of the back face of the 25 impregnated plies with
experimental damage.

Figure 1V-11 shows the morphology of damage of the structures having PB250 with 25

impregnated plies located on the top or the bottom.
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Figure IV-11: Comparison of numerical damage of hybrid structure, with PB250 and 25 plies, with
experimental damage

The hybrid structure [PB250 + 25 plies] shows a complete perforation of the epoxy foam as
the impact face. A clear hole is observed on the top face for both numerical and experimental
structures. Regardless of the foam perforation, the 25 plies of aramid/epoxy stop the impactor
after leaving damage on the back face. Matrix cracks and fiber failure characterize the damage.
The numerical model succeeds in predicting this cross-shaped damage. An isometric view of
the cross-section for the numerical model is also presented in Figure 1\V-11, where it is observed
that the aramid plies stop the impactor and the matrix damage is visible underneath the impact

area.

For the hybrid structure [25 plies + PB250], the impactor rebounds without perforation of the
aramid. The damage presented on the top face is localized, having a dimension similar to the
diameter of the steel impactor. The simulation predicts the same damage on the top face as the
experimental results. In addition, on the bottom face, no damage is detected on the foam.
However, the isometric view of a cut made in the middle of the structure shows element deletion
in the foam layer underneath the impact. The foam elements fail due to attaining the critical

tensile stress. The damage depth left on the foam numerically is 5 mm.
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The numerical model captures the influence of aramid plies location and gives similar results

as the experimental tests. The simulations prove that PB250 does not stop the impactor when

located as an impact face. Complete foam perforation is seen numerically.
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Figure 1V-12: Comparison of numerical damage of hybrid structure, with PB250 with 20/5 plies distribution,

with experimental damage

Figure 1V-12 compares the experimental and predicted impact damage of the structure with

a 20/5 plies distribution. Structure [5 plies-PB250-20 plies] shows the complete perforation of

the five plies as impact face. The experimental results show matrix crack and fiber failure

around the impactor edge; the damage diameter is 17 mm. The numerical model also predicted

concentrated damage around the edges of the penetration hole. The matrix damage is 20 mm in
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diameter. The cross-shaped failure characterizes the back face failure of the 20 aramid plies.
The numerical model overpredicted the bottom face damage by 13%. The isometric view of the
cross-section shows the material densification underneath the impactor after perforation of the

upper plies. Similar to [PB250-25 plies], the impactor only stops at the aramid level.

As for the structure [20 plies-PB250-5 plies], similarly to the experimental results, the upper
plies are fully perforated. The numerical model shows that the upper plies suffer from matrix
crack and fiber breakage. The model overpredicted the damage diameter by 17%. Unlike the
experimental results showing a very slight matrix crack of 6 mm of the bottom face, the
numerical model does not show any damage. This is justified by the isometric view where the

PB250 stops the impactor before attaining the aramid plies.

The damage modes greatly influence the back face signature left on the clay. Figure 1V-13
compares the predicted BFS and the one measured experimentally. The structure with 25
aramid/epoxy plies shows a 9 % difference between experimental and numerical results. This
structure attains a higher BFS compared to the other structures. Hybrid structures with 25
aramid plies as impact faces showed no significant BFS. The one illustrated in Figure 1V-13 is
only the depth of the edges of the structures when they sink into the clay. Structure with 25 and
20 aramid plies on the bottom face shows coherent results between the predicted BFS and the
experimental one with a maximum difference of 14%. However, for structure [20 plies-PB250-
5 plies], the predictive model underestimated the BFS by 44%. This is because the impactor is
stopped before reaching the aramid plies, leaving a none significant dent in the clay. The
numerical model succeeded in representing the impact performance of most hybrid structures
in terms of damage morphology and back face signature. It is found that the numerical results
are coherent with the experimental ones. The same conclusions can be drawn based on the
numerical BFS, where the structure with aramid plies as the top face did not induce any

significant BFS. The numerical model captures the aramid plies position influence.
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Figure IV-13: Comparison of BFS of simulations and experimental impact test
IV.5 Conclusion

The behavior of epoxy foam/aramid plies hybrid structures is investigated numerically. The
aramid/epoxy plies are modeled with a semi-continuous modeling approach, representing the
resin with a damageable solid element and the fibers with 1D rod elements. A series of low and

high-velocity impact modeling is achieved and compared to experimental results.

For the low-velocity impact, the comparison is based on force versus displacement curves,
back face signature, and permanent indentation. The low-velocity impact modeling helps
deduce the damage events of the hybrid structures. The aramid/epoxy plies in those structures
fail due to matrix cracks and fiber breakage. In most configurations, the densified plug formed

in epoxy foam causes the failure of the aramid plies. Epoxy foam suffers from tensile failure,
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especially on the bottom face. The numerical model replicates similar permanent indentation

and BFS compared to experimental results.

High-velocity impacts are modeled, and the comparison with the actual tests is based on
damage morphology and the BFS. The numerical model showed comparable damage length
with the physical test.

The main contribution of this work is the development of a volume element that is integrated
into a semi-continuous modeling approach. A parameter identification methodology of a
classical elastoplastic material law to model crushable foams is proposed. The suggested

numerical modeling strategy of the hybrid structures will be used for optimization purposes.
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Chapter V. General Conclusion and

Perspectives

Résumé en francais

CONCLUSION GENERALE ET PERSPECTIVES
Conclusion :

Les matériaux de protection sont soumis a différents types d'impacts en fonction de la forme,
de la masse et de la vitesse de I'impacteur. Un matériau de protection doit idéalement combiner

légereté et efficacité.

Différents matériaux sont largement utilisés dans les systemes de protection, tels que les
métaux, les céramiques, les matériaux composites et les matériaux cellulaires. Les matériaux
composites sont intéressants car ils présentent un excellent rapport masse/résistance.
Cependant, le matériau composite peut présenter de mauvaises performances lorsqu'il est
soumis a un impact. Quant aux materiaux cellulaires, en raison de leur microstructure, ils sont
capables d’absorber une grande quantité d'énergie sous sollicitation de compression. La
présente these combine des tissus d'aramide et de la mousse époxy a cellules fermées. Les
composants des structures hybrides sont caractérisés par un test mécanique classique afin

d'identifier plusieurs paramétres nécessaires au développement d’un mod¢le numérique.

Afin d’¢étudier I’influence de différentes densités de mousse ainsi que du nombre de plis
d’aramide et de leurs positions au sein de la structure, plusieurs architectures sont mises en
place et soumises a un essai d’impact poids tombant. Le test d'impact & basse vitesse a permis

la validation du modele numérique.

Les capacités de protection respectives de ces structures sont ensuite étudiées avec un impact
a haute vitesse, et sont comparées sur la base de la BFS (I'indentation laissée par la structure sur

le matériau de support).
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Une stratégie de modélisation numérique est développée pour prédire les dommages a
I'intérieur de ces structures hybrides. Un modele numérique prédictif pour les couches d'aramide
est développé sur la base de I'approche semi-continue. Cette approche se situe a I’échelle de la
maille. Elle peut représenter le tissu non endommagé, I'endommagement de la résine qui laisse
les torons de fibres non stabilisés, et enfin, les stratifiés composites endommagés. Le modele
développé représente la résine avec un élément de volume endommageable et les fibres avec
des éléments barres. La mousse époxy est modélisée avec une loi de matériau élastoplastique
ainsi qu’une loi de rupture qui représente les modes d'endommagement observés

expérimentalement.

Basé sur la théorie de Cowper Symonds, le matériau du support est également modéliseé avec
une loi matériau utilisateur. Les parametres sont identifiés a partir de la littérature. Le
développement de cette stratégie de modélisation est intégré dans le code de calcul explicite
RADIOSS.

Le modele numérique s'accorde bien avec les résultats expérimentaux en ce qui concerne les

courbes effort-déplacement ainsi que les phénomeénes observeés physiquement et la BFS.

Ce travail expérimental et numérique a montré d’une part que les structures hybrides ont un
fort potentiel d’utilisation dans une application de protection et d’autre part, le modéle

développé peut aider a trouver la configuration optimale d’une structure hybride.

Perspectives :

Les perspectives concernant 1’architecture, les structures présentées au Chapitre 3 peuvent étre
améliorées par différentes modifications structurelle. En particulier, trois parametres peuvent
étre modifiés : I’épaisseur de la mouse (qui peut étre réduite), la répartition des plis d’aramide
et les densités des différentes épaisseurs de mousses au sein d’une méme structure. Le modéle
numérique développé Chapitre 4 permettra I’étude de I’impact de ces différents parameétres sur

les performances du matériau, et permettra le choix d’une structure optimale.

Concernant le modele semi-continu, il peut &tre amélioré par la prise en compte des phénomenes
de frottements entre les fils observés lors de I’endommagement de la résine. Ceci peut se faire
par I’intégration d’un terme de frottement dans la formulation de I’élément développé Chapitre

4.
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Quant au modele représentant la mousse époxy, la prise en compte des contraintes de

cisaillement permettrait une représentation plus fidéle de son comportement.
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V.1 Conclusion

Over recent years, the engineering industries have raised the bar for the criteria needed in
protective material. Protective materials must be lightweight, highly effective, low-cost, and
environmentally friendly. As a practical solution, hybrid structures seek to twin the advantage
of different materials to improve their protection characteristic, resulting in a hybrid material
having superior features to the original ones.

This thesis provides a newly developed hybrid material with aramid plies embedded inside a
closed-cell epoxy foam (PB170, PB250, PB400 kg/m?®). The hybrid structures are presented in
different configurations, and their impact performance is studied when subjected to low to high-
velocity impact. The energy absorption capacity in the proposed material is studied by its ability
to minimize the trauma left on the protected material. This work also proposes a numerical
model that simulates the damage of the aramid plies and the crushing of the epoxy foam when

subjected to impact.

This work aims to understand the scenario of damage inside the hybrid materials when
subjected to low to high-velocity impacts when varying several parameters, such as the number
and location of aramid plies embedded inside the epoxy foam and the density of the foam. On
the other hand, a semi-continuous model, previously developed for thin woven laminates [1,2],
is implemented to model the aramid plies while adding several modifications. A built-in
material law in the FE package RADIOSS is used to model the epoxy foam. This numerical
model aims to predict the damage propagation inside the hybrid structures and be used for future

optimization work.

In the first part, an experimental campaign was carried out to observe the behavior of the
hybrid structures under low-velocity impact and to study the influence of the number and
location of aramid plies in the hybrid structures as well as the density of epoxy foam since three
different ones are used in this study. This experimental study allowed us to observe the vital
influence of the aramid plies in increasing the stiffness when being on the impact face and
hindering the crack propagation in the epoxy foam when being bottom face. The density of the
epoxy foam also monitored the impact behavior of the hybrid structures. When the highest
density is placed as the impact face, the peak load increases, and the permanent indentation
inside the structures decreases, leading to improved impact behavior. The aramid plies in the
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middle of the structures also enhanced the performance when increased from 1 to three plies.
The low-velocity series of tests enabled us to get maximum information on the behavior and
the mode of failure in these hybrid structures. During the impact tests, it was identified that the
aramid plies failed due to matrix cracking and fiber failure. With its high cross-linked density,
the epoxy foam's failure is described by brittleness and crack propagation on the bottom side

when not protected with aramid ply.

The capacity of these hybrid structures to protect the back face or the protected material is
studied through a parameter called back face signature. The BFS is the trauma left on the
protected material after impact. This parameter is obtained by placing a backing material,
usually a soft clay, behind the structure during impact. Post-impact, the indentation left on the
clay, or the BFS, is measured. This parameter is studied for each configuration, showing that
structures with aramid plies on the bottom decrease the BFS. The higher density of epoxy foam
proved to stop the projectile earlier and decrease its kinetic energy faster than structures with

lower epoxy foam density, leading to lower BFS.

In the second part, high-velocity impact tests are conducted on hybrid structures with a fixed
number of aramid plies. The parameters studied in this campaign were the density of the epoxy
foam, the location of the 25 aramid plies, and their degree of impregnation. Those structures
were assessed based on the BFS and permanent indentation left by the projectile inside the
structures. This campaign showed that aramid plies as impact face, backed with 44mm of epoxy
foam, can improve the BFS, eliminated to zero, compared to conventional structures while

increasing the weight by 75% when subjected to a velocity of around 180m/s.

Permanent indentation per weight ratio is studied, and it is shown that a structure with 25
impregnated plies as the top face backed with 44 mm of PB250 epoxy foam has the optimal
ratio compared to the other hybrid structures. The lower the ratio, the better the structure can

decrease the projectile's kinetic energy per unit mass.

The density of the epoxy foam also plays an important role, showing that the high density,
PB400, absorbs more energy than PB250 when subjected to 180m/s impact. It was also proven
that neat aramid plies deform more than impregnated ones since the fibers are not stabilized and

controlled by a resin matrix. The deformation of the neat aramid on the face parallel to the
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impact leads to higher deformation, therefore a lower ability to minimize the trauma on the

protected material.

In the third part, a model has been proposed to reproduce the response of hybrid structures

numerically when subjected to impact.

The impregnated aramid fabric was represented with rod elements with different
configurations stabilized inside a damageable matrix. The matrix is represented by volume
elements with 1 point of integration in the middle with hourglass control. This volume element
considers the pseudo-plasticity in-plane shear. The damage of the volume element is managed
by damage variables that degrade the stiffness matrix. The rod elements fail in traction. A
contact with friction between the rod elements is added to simulate the friction between the
yarns, one of the energy dissipation modes in woven plies. This modeling strategy is a user

subroutine implemented in the FE software RADIOSS.

The behavior of epoxy foams was investigated via dynamic indentation, dynamic
compression, shear tests, and tensile tests. The classical behavior of foams was found in
compression; three regions were identified, elastic, plastic, and densification. The tensile and
indentation tests showed that the epoxy foam was brittle. Based on these grounds, the material
law to simulate the behavior of the epoxy foam is chosen. A user-failure subroutine is added to

represent the brittle failure of the epoxy foams.

The parameters of the aramid plies have been identified from static tensile tests on specimens
with (0/90) ° and (45) ° orientations, in addition to a dynamic indentation test to identify the

damage variables for the numerical model.

The backing material is modeled with an elastic-plastic law, similar to Johnson Cook but with

a different strain rate formulation.

The numerical model was validated with the low-velocity impacts and agreed with the
experimental results in load versus displacement curves, the permanent indentation, and the
back face signature. The numerical model predicted the damage scenario on these hybrid

structures when subjected to low-velocity impacts.

As for modeling the high-velocity impacts, the numerical model simulated the physical

damage to the structures when subjected to a 180m/s impact with a spherical projectile. The
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numerical model also predicted the BFS left on the backing material and agreed well with the

experimental results.

A predictive numerical model is a tool for finding the optimal configuration of these hybrid

structures and for optimization purposes for future works.

V.2 Perspectives

After the outcomes maintained during this thesis, the possibilities for improvement are

numerous and involve many different aspects.

V.2.1 Structures design

The design of the structure can be improved by varying several parameters. The optimization
might include the foam thickness of the hybrid structures. The thickness can be reduced by half
since the aramid plies are not perforated, Figure V-1. A sufficient foam thickness is needed to
contain the cone formed on the back face of the aramid plies. Hence, a weight reduction will

occur without affecting the performance of the structures.

Impact Impact

— 25
44 nnnI - _i'“ mm
Legend

25 plies aramid/epoxy

I -

Figure V-1: Thickness reduction of the high-velocity tests structures

Another aspect concerning the architecture of the hybrid structures will be distributing the
aramid plies throughout the thickness, Figure V-2. This architecture might improve energy
absorption by increasing the number of interfaces aramid/foam and, therefore, help decrease the
projectile’s kinetic energy. This strategy was adopted in the literature on hybrid composite

materials and found effective [3].
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Impact Impact

|

e

.

S=———== 5 plies aramid/epoxy _
Il plies aramid/epoxy

5 plies aramid/epoxy

Figure VV-2: Aramid plies distribution inside PB250 to increase the number of interfaces aramid/foam

Different foam densities might be present inside a single structure; PB400 can be the first
layer of epoxy foam since it proved to have higher impact resistance due to its higher
mechanical properties, backed with PB250 to reduce the weight, Figure V-3.

Impact Impact

l

320 mm

|

44 mmI

Legend

S=———=75 plies aramid/epoxy _
== 10 plies aramid/epoxy

5 plies aramid/epoxy PB400

320 mm

Figure VV-3: Bi-foam structures with 25 aramid plies for effective weight improvements

These architectures aim to create a plug underneath the impactor that makes the whole
structure respond against impact instead of a localized response. Another purpose is to decrease

the weight since it is a crucial feature when designing a protective material.

The impact resistance of these hybrid structures can be optimized by varying multiple factors.
Therefore, the numerical model will play an essential role in finding the optimal configuration
while saving the time and cost of fabrication and testing.
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The optimization aspects might include layering the aramid plies with different orientation
angles between the plies. The present work uses only a (0/90)° orientation. Recent studies
discuss the effectiveness of the helicoidal fiber architecture compared to conventional stacking
orientation. It appeared to show through-thickness damage and an increase in the residual
strength [4].

The various optimization strategies can be explored using the numerical model developed
during this work. The numerical model can represent the general tendency of the impact

behavior of the hybrid structures when subjected to low and high velocity impacts.

The numerical model will serve as a tool to study the influence of several parameters: the
aramid plies distribution, the aramid plies number, and the epoxy foam density. After analyzing
the influence of each parameter, an optimization study can be achieved to find the optimal

structure.

V.2.2 Semi-continuous numerical model

The proposed numerical model can represent the global behavior of the hybrid structures

when subjected to impact. However, several improvements can be implemented in this model.

During impact on impregnated fabric, friction between the fibers occurs, and the residue and
fragments of the failed resin can lead to friction. It is shown that using the edge-to-edge interface
already built-in RADIOSS with friction did not show any influence compared to the one without
friction. The influence of friction can be included in the formulation of the 3D volume element,

representing the friction between the failed resin and the fibers.

Another aspect of future work is a 3D woven fabric. The first chapter of this manuscript
shows that 3D fabric is taking significant interest based on its superior impact resistance. The
developed solid element offers the potential to replicate 3D fabric weaving patterns. This
behavior and potential of this 3D fabric can be studied numerically using the developed model

in this thesis.

V.2.3 Epoxy foam model

The numerical modeling of polymer foams is very challenging. Their behavior highly
depends on their cell geometry, size, and density. The brittleness of the epoxy foam used in this

work presented several challenges. The numerical model proposed to simulate the behavior of
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the epoxy foam, the /IMAT/LAW?28 coupled with two failure models, can represent well the
behavior of the foam under compression and tensile loadings. However, it is less representative
of the shear stresses. The numerical model seems limited in modeling complex solicitations
(combined compression-shear loading). Since modeling is a process that normally starts with
the realization of experimental tests, it would be interesting to conduct experimental tests to

study the influence of compression loading on the shear resistance of the foam.

Based on the literature, the behavior of polymer foam can be viscoelastic and hyperplastic.
A more adaptable numerical model can be used to represent this behavior. Ogden model is a
constitutive law available in RADIOSS, normally used to model hyperplastic behavior. This

model offers a perspective that deserves to be to be explored.
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1. Introduction

This section presents the fabrication process of the hybrid structures tested in the low and
high velocity impact experimental campaign. The fabrication process of each test campaign
specimen differs by the number of aramid plies, foam density, and location of aramid plies. The
hybrid structure fabrication tackled challenges concerning integrating the aramid plies inside
the expansible epoxy foam. This section is divided into two sub-section, one for the targets for

the low-velocity campaign and the second for targets tested in the high-velocity campaign.
2. Base materials
The base materials used for all the structures are the following:

e Expansible epoxy foam including three different densities PB170, PB250, and PB400
with respectively a density of 170 kg/m?, 250 kg/m?, and 400 kg/m> [1].

e Aramid fabrics with a satin four architecture and (0/90) © orientation in all configurations
[2].

e Epoxy resin, Araldite® LY 5052 / Aradur® 5052, is used to impregnate the aramid woven
plies [3].

3. Lowe-velocity campaign structures fabrication

In this experimental campaign, the density, the location, and the number of aramid plies are
varied. The main components of the specimens are the epoxy foam and the impregnated aramid
plies. The structures are fabricated in a two-part rectangular mold having a dimension of
150x190x30mm. A picture and a schematic of the mold are presented in Figure A- 1. The top
and bottom sides have the same dimension with a depth of 15 mm each.
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(@) (b)

Figure A- 1: (a) Picture of the molds of the low-velocity campaign, and (b) schematic and dimensions of one

of the sides of the mold
Epoxy foam preparation:

The epoxy foams used are closed-cell foams with different expansion rates. Sicomin (France)
supplies epoxy foam [1]. The PB epoxy foam has two components: epoxy resin (PB) and a
hardener (DMO03). When the two components are mixed, they expand due to chemical foaming.
The epoxy foam dosing is dependent on the volume that must be filled. The volume of the mold
is around 0.855 L. Table A- 1 presents the amount of epoxy resin and hardener needed to fill

the mold.

Table A- 1: Dosages of PB epoxy resin and DMO03 hardener

PB 170 PB 250 PB 400
PB resin (g) 116 179 285
DMO3 (g) 36 56 91

Following the weighing procedure, the two-component are mixed inside a container and

mechanically frothed for 4 minutes.
Aramid plies preparation:

The aramid fibers used in this study are a four harness satin woven fabric with an areal density
of 175 g/m? and thickness of 0.26 mm. Gaches Chimie (France) supplies the aramid fabric [2].
The matrix is an Araldite® LY 5052 (resin)/Aradur® 5052 (hardener) epoxy with a fiber
volume fraction of 37%. The impregnation of the aramid is done through a hand layup

technique.
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Structures fabrication:

Table A- 2 and Table A- 3 represent some of the configurations fabricated. Table A- 2 shows
the specimens with only epoxy foam, [PB-neat], fabricated for comparison purposes. Table A-
2 also presents [PB-1ply] and [1ply-PB], the specimens with one aramid ply placed on the top
or the bottom of the specimen. These configurations are fabricated with the three different
epoxy foam densities, PB170, PB250, and PB400.

Table A- 3 shows configurations with aramid plies in the middle, whether with mono-foam
or bi-foam. Specimens [PB-1ply-PB] and [PB-3plies-PB] are mono-foam specimens with one
and three aramid plies in the middle. Specimens [PB-2plies-PB-1ply-PB], [1ply-PB-2plies-PB],
and [1ply-PB-1ply-PB-1ply] are mono-foam specimens with three aramid plies distributed
differently in the middle, bottom and upper sides of the specimens. Specimens [PB-1ply-PB*]
and [PB-3plies-PB*] are bi-foam specimens where the upper foam density is different than the

bottom one, separated by one or three aramid plies in the middle.

Table A- 2: Configurations with neat epoxy foam and hybrid structures with one aramid ply

configuration [PB-neat] [PB-1ply] [1ply-PB]

representation

Table A- 3: Hybrid structures configurations that contain aramid plies in the middle

configuration [PB-1ply-PB] [PB-3plies-PB] [1ply-PB-2plies-PB| [PB-2plies-PB-1ply]
representation

configuration [1ply-PB-1ply-PB-1ply] [PB-1ply-PB*] [PB-3plies-PB*]

representation S T ﬁ

PB* different density than PB

The fabrication of those specimens described above is detailed in the following paragraphs.

[PB-neat] is fabricated by pouring the frothed epoxy foam liquid inside the bottom side of
the mold. Then the top side is placed on top to close the mold. In the case of [PB-1ply] and
[1ply-PB], where only one aramid ply is added to the epoxy foam, the impregnated aramid ply
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is placed on the bottom side of the mold before pouring the epoxy foam. Then the foam is
poured on top of it, and the top part is used for closing. Mechanical clamps are used to secure
the top and bottom sides. Then the mold is placed in a hot air oven at 40°C for 12 hours.

Fabricating the structures with aramid plies in the middle is more challenging. The foam
mixture is divided into two containers, one for the top side and the other one for the bottom
side. In the case of having structures with bi-foam, the foam mixture poured on the top side has
a different density than the one poured on the bottom side. Figure A- 2 explains the fabrication
steps of the hybrid structures with one or three aramid plies in the middle. In step 1, half of the
foam mixture is poured into the bottom side of the mold. In step 2, the aramid ply that is already
impregnated is fixed on the four edges of the bottom side of the mold using a stapler. The
stapling of the aramid fabric effectively keeps the aramid ply straight and prevents waviness.
In step 3, the other half of the foam mixture is poured into the top side of the mold. In step 4,
the top side of the mold is rapidly put on top of the bottom side. Both mold sides are joined
together with clamps and tied to secure the closing in step 5. Finally, the mold is put in a hot air

oven at 40°C for 12 hours.

Figure A- 2: Fabrication steps of hybrid structures with aramid ply in the middle
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Structures cutting:

After demolding the structures, the 190x150x30mm hybrid structures are cut into squares of
100x100x30mm. The cutting procedure is done using a water jet machine since the aramid is a
critical material to cut. Figure A- 3 shows the water jet machine during the cutting procedure
of the hybrid structures.

Figure A- 3: Hybrid structure cutting process with a water jet machine

Figure A- 4 shows that the aramid plies are stabilized inside the epoxy foam without any

significant waviness.

Figure A- 4: Structure with three aramid plies in the middle after being cut
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4. High-velocity campaign structures fabrication

The hybrid structures for the high-velocity campaign consist of epoxy foam PB250 and
PB400 and aramid fibers impregnated and neat. As a reference, non-hybrid structures are also

fabricated with 25 plies of aramid, impregnated, and neat.
Non-hybrid structures:

The dimension of the structure is around 200x200mm. The 25 plies are stacked together and
attached with a double tape adhesive on the four edges for the neat aramid specimen. The
procedure presented in Figure A- 5 shows how the plies are bonded on their edges.

Double tape adhesive /—Second aramid ply

—_—

7

First aramid ply_/

Figure A- 5: Stacking procedure of the neat aramid plies

For the impregnated aramid specimen, the manufacturing procedure is presented in Figure
A- 6. The epoxy resin needed for impregnation is calculated to provide a fiber volume fraction
of 37%. The 25 plies are impregnated with a hand layup technique using a roller to distribute
the poured resin evenly on each ply; the exact process is repeated for the 25 plies. The laminate

is left to polymerize for 48 hours at room temperature.
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Resin Protection paper First aramid ply 25" ply
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r glehit i

Figure A- 6: Hand layup technique for impregnated aramid structure
Hybrid structures:

The hybrid structures are fabricated inside a closed wooden mold with 200x200x50mm. The

hybrid structures are represented in Figure A- 7.

The hybrid structures with neat aramid plies are fabricated in two steps. The foam is
fabricated inside the wooden mold, as described previously. After 12 hours, the foam block is

ready, and the neat aramid plies are attached to the foam block with double-sided adhesive.

As for the hybrid structures with impregnated aramid plies, inside the wooden mold, the 25
plies of impregnated aramid plies are put on the bottom side, then the mixture of foam is poured
on top. The mold is closed with clamps and put inside the hot air oven for 12 hours at 40°C.
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Il -~ i
»

25 plies aramid/epoxy
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PB400

Figure A- 7: Hybrid structure with PB250 and PB400 combined with 25 plies of aramid
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1. Introduction

Clay witness material is typically used to measure the back face deformation left after
impacting a specific structure. This section concerns the testing and modeling the clay witness
used as backing material for the hybrid structures. A numerical model is proposed to model the
backing material based on literature. The parameters identification methodology is achieved
through a drop-weight test. The purpose of the drop weight is also to validate the consistency

of the backing material based on the NIJ standard.
2. Material law formulation

Clay material is widely used as backing material for impact tests; therefore, modeling such
material is of extensive interest. Hernandez et al. [1] propose a methodology to simulate the
behavior of soft clay using an inverse analysis technique. The clay is modeled with a Power
Law plasticity material model. The extraction of the numerical model parameters is based on a
drop-weight test. Li et al. [2] propose two constitutive models for the soft clay, Johnson Cook
and Johnson Cook modified. The numerical model parameters are identified using an inverse

identification technique.

It is challenging to find a numerical model that can describe the behavior of such material,

which is highly dependent on strain, strain rate, and temperature.

The present study uses a constitutive material law already implemented in the FE software
RADIOSS under the name /IMAT/LAW44 (COWPER). Cowper-Symonds material law is used
to model the clay. It is similar to the Johnson-Cook material law but with a different strain rate
dependency formulation. Unlike Cowper-Symonds law, Johnson-Cook can consider the

temperature's influence on the behavior of the material.

Cowper-Symonds material law is an elastic-plastic material law. The flow stress can be

defined as follows:

1
E\P
0=(a+be{,‘) 1+<E)
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where a is the initial plasticity yield stress, b is the plasticity hardening parameter, n is the
plasticity hardening exponent, p is the strain rate exponent, c is the strain rate coefficient, ¢ is

the strain rate, and ¢, is the plastic strain.

3. Drop weight test

The drop weight test aims first to validate the consistency of the backing material based on
the NIJ standard's proposed method and then to identify the parameters needed for the numerical
model.

The material used, “plastiline” is purchased from a commercial clay provider [3]. The
firmness level of the clay is soft, and the density is around 1525 kg/m3. The clay material is
confined inside a wooden box having a dimension of 300x300x60mm. The clay is heated at
40°C for three hours to reach a temperature between 38 and 40°C in different locations. The
test conditions are based on the NIJ Standard 0101.06 [4].

A drop weight test is performed. A spherical shape impactor of 61 mm diameter with a weight
of 1 kg is dropped from 2 m (Figure B- 1.a). A high-speed camera is placed to measure the
velocity of the impactor just before the impact occurs. The maximum indentation inside the clay

is measured using a displacement sensor after the impact (Figure B- 1.b).

The indentation left on the clay after impact must be between 16 and 22mm according to the

NIJ standard to validate the consistency of the clay.
The maximum displacement measured is 21mm, which is in the acceptable range.

The drop weight test aims to first validate the consistency of the backing material at the
proposed conditions in this section based on the NIJ standard and second to identify the

parameters needed for the numerical model.
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Figure B- 1: (a) Drop weigh test validation, (b) post-impact back face signature measurements of the clay

witness.
4. Numerical modeling

The parameter identification of the material law proposed is adopted from the study [1]. The
authors of the study use a Power law to model the clay. The parameter a in the Cowper Symonds
IS set to zero to eliminate this part of the yield stress calculation. By doing this, the flow stress
calculation is similar to the one computed in [1].

Parameters b, ¢, and n are adopted from [1]. The elastic modulus E is also defined based on
literature. The parameter p is defined using an inverse identification technique, so the

experimental and numerical curves fit. The parameters are listed in Table B- 1.

Table B- 1: Cowper-Symonds material law parameters determined based on literature and inverse

identification technique [3]

E (MPa)  b(MPa) c n p
5 0.175 1 0.101 5

The numerical model represents the drop weight test by a rigid wall representing the spherical
indenter. The rigid wall has the same conditions as the experimental one. The fixed boundary
conditions representing the wooden box are applied on the four edges of the clay and the bottom
face by blocking the translation in the three directions. The indenter displacement history over

time and the back face signature are extracted from the numerical model and compared to the
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experimental results. Figure B- 2 compares the experimental and numerical results of the
indenter displacement throughout the time. The numerical model shows good agreement with

the experimental results.

30
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Figure B- 2: Comparison of numerical and experimental displacement versus time

In addition, Figure B- 3 shows the maximum BFS found numerically, consistent with the one
found experimentally with around a 3% difference. Noting that the experimental BFS is within
the proposed limits by the NIJ standards, the heating conditions and the clay consistency are
validated.

Displacement
- measurement sensor

BES= 21.1 mm

(a) (b) N

Figure B- 3: (a) Impact BFS measurement after experimental test, (b) Numerical cut showing the maximum

displacement on the clay after impactor rebound
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Model Development

1. Objective

The modeling of the aramid plies is chosen to be at the mesh level. Navarro et al. [1] first
introduced this modeling strategy, which is based on the experimental observation of the
behavior of woven plies subjected to impact. Pascal et al. [2] further developed this strategy to
account for the weaving pattern of composite. Both authors worked on modeling carbon and
glass woven plies by representing the resin by shell elements and the fibers by rod elements.
This approach is called the semi-continuous approach since it can model the continuous
behavior of the undamaged resin and fibers and the damaged resin with undamaged bundles of
fibers that behave like a net. Despite all the advantages of this strategy, where it can capture the
real damage observed during experimental impact, the purpose of the developed model is to
represent the behavior of the fabric even when the resin is damaged. Therefore, in the present
work, a new element has been developed to introduce a contact between the bundles of fibers
which was not possible in the previous models. The following section describes the modeling
strategies of the existing semi-continuous approaches and then the formulation of the developed
element, which is integrated into an explicit scheme in the FE software RADIOSS through a
USER subroutine.

2. The explicit scheme in RADIOSS

The explicit calculation is preferable when dealing with impact or crash problems with
significant nonlinearity. Most of the time, implicit calculation with this type of problem fails to
converge. The calculation code used in this study is RADIOSS explicit finite element code,
which is a part of the commercial finite element package Hyperworks. It is based on solving the
equation of motion, Equation 1, at each time step after discretizing the calculation domain into

elementary meshes.

[M]u"= fext_ fint (1)

Where [M] is the mass matrix, U is the nodal acceleration vector, and fext and it are the external

and internal nodal forces, respectively.
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The central difference algorithm is used to solve the above equation of motion. Using the past
value at time n, the displacement and velocity are obtained at n + % The below flow chart

describes the central difference algorithm, Algorithm C- 1. Where u is the displacement, u is
the velocity, ii is the acceleration, t is the time, h is the time step, | is the characteristic element

length, B is the shape functions gradient, and n is the number of integration points.

' Before the first
Uy g ,tog=0,hg =0 —® time step

i <

Computation of internal forces

first time step at
fint = f Blo n=1

v
Computation of acceleration

=(fi?1t+fe?§ct)

m

i,

Y

Kinematic constraints

(rigidwall...)

Time incrementation

g1 = 05ty + f)

hpi1 = hy

thi1 = tn+ Rpya

.

Computation of velocities

‘R+2

U 1= un_%+hn+%uﬂ

Up4q = Up + hn+11'f-n+%

Algorithm C- 1 : Central difference algorithm [3]

The routine described in the below flow chart Algorithm C- 2 is used to calculate the internal
force and the next time step. A USER element feature can be used, where a modification can

be integrated. The user can code the element formulation and its behavior law. The user inputs
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in this algorithm are translational and rotational coordinates of each node, velocity, and

acceleration, and the outputs are the internal nodal forces. The user defines the steps in between.

USER element access

.

> t=t+ At
Compute f **t

v

Loop over Elements

'

. 1 6vi+6vj
EU - 2 6xj 6xi

.

6;; = f(material law)

0 (t + At)=0y; (1) +6;At

'

Assemble fmt, fhar

v

Compute f O™

'
v =ZFi/mi
v

Algorithm C- 2 : RADIOSS numerical solver algorithm [3]

Time integration

Where t is the time, At is the time step, &;; is the strain rate, g;; is the stress rate, £t is the

internal force, £97 is the hourglass force, £*t is the external force, v; is the acceleration, F; is

the inertial force, and m; is the mass matrix.
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3. [Existing semi-continuous strategies

Navarro et al. [1] first introduced this strategy based on the experimental observation of low
and medium velocity impact tests on woven carbon/epoxy and woven glass/ epoxy plies. The
strategy was further improved by Pascal et al. [2]. The authors distinguish between three main
scenarios of damage, Figure C- 1. First, damage appears in the resin. As a result, another
behavior appears where the bundles of fibers are no longer stabilized. Finally, the total damage

to fiber occurs when the maximum tensile limit of the fiber material is attained [1].

Resin damage

l

None stabilized
bundles

|

Fiber breakage

Figure C- 1: Damage mechanisms of the woven skin [1]
3.1.Modeling strategies

A damageable shell element is developed to represent the resin and the physical phenomena
that occur during the impact on woven plies. 1D rod elements represent the fibers. The modeling
is at the woven fabric mesh scale, and both components are integrated into a USER element

subroutine.

Figure C- 2 shows the modeling strategy. The rod elements are placed between two virtual
nodes and connected using rigid links. The virtual nodes are placed at the height of h/4 from
the shell plane (h is the thickness of the ply). Five elementary bricks are assembled to replicate
the fabric architecture (satin 5 in the presented case). The representation of the fiber architecture
results in an improved predictive model that can capture the exact scenario of damage observed

experimentally in woven laminates.
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Figure C- 2: Modeling strategy of 5-harness satin woven ply [4]

3.2.Shell element

The formulation of the element representing the resin is a damageable shell element, based on
Belytschko’s formulation with four points of integration [5]. The developed model has an
isotropic behavior with anisotropic damage, where two damage variables exist, d, and d,. The

compliance matrices are differentiated between membrane/flexion [C] and out-of-plane shear
[Cs]:

(1-dy)E (1—-d)(1 —dy)VE 0
‘1 —(1-d)A—-dy)v? 1-(1-dy)A —-d,)v? ‘
[Cl=| (1-d)(A—d,)VE (1-dy)E 0 (2)
[1 —(1-d)A—-dy)v? 1-(1-dy)A —-d,)v? }
0 0 G1,dqo
(1 —-dy)Gy3 0
651 = [ 0 (1- dz)(;zg] ®)

Where E is the young modulus, v is the Poisson ratio, and G;; is the in-plane and out-of-plane
shear modulus of the resin. The damage variable d,, is defined by a plastic law that will be
presented further in this section. The damage variables d; and d, are calculated through the

thermodynamic forces, Y; and Y,, calculated from the elastic properties of the resin:
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E .
b= sup (i T+ elnado) (= 12 @
where (&;;" + gij:,max>20 is the positive part of the sum of the membrane strain and the maximum

flexion strain in the corresponding direction.

Then, the damage variables are calculated through:

(Y= JY) .
—F ifd;<1 (=12),
d = N l )

1 otherwise

The parameter Y, controls the damage initiation inside the resin matrix, and Y, controls its

evolution.

It was shown experimentally that pseudo-plastic behavior governs the in-plane shear. The
behavior is represented by an elastic behavior with a plastic correction based on the Newton-

Raphson iteration scheme. The elastic field is defined by:

f= |Txy| - Kplaspﬁ — 7o (6)

where T,, is the in-plane shear stress, 7, is the plastic strength, K, and g are material
parameters defining the plastic hardening law, and p is the cumulative plastic strain. The total
shear strain is decomposed into elastic shear strain (yy,) and plastic shear strain (y,fy). The

plastic correction occurs when f > 0, leading to plastic shear strain update.

Then, the damage variable d,, can be introduced, and a plastic law defines its evolution:

0 ify? <v?
d,, = { f Yxy < Vmax @)

1 if Yoy > Vimax

where ¥} .. is the in-plane shear plastic strain to rupture
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3.3.Rod element:

The rod elements are linked to the shell element in five different configurations to represent the
weaving pattern of the woven fabric. The behavior of the rod elements is elastic, with a brittle

failure in tension. The normal force of the rod F,., 4, is calculated as follows:

. Au
Froq = Oproq-S = Erpg-S. Erodt with Erodt = T

(8)

where E,.,4 1S Young's modulus of the fibers, S is the cross-sectional area of the fibers, L is the

length of the fiber, and Au is the elongation.

The rupture of the fibers occurs when:

grod,t > 8%%’} (9)
where &,,4 ¢ is the strain at each time step, and &;,7; is the maximum strain to failure of the

fibers.
4. Studied material: Aramid 49

The woven plies used in the current study are Aramid 49 with satin 4 architecture [6]. Figure
C- 3.ashows a close-up of a neat aramid fabric. The elementary weaving pattern is marked with
a blue dotted line box, and the mesh size is indicated with the red box. The elementary mesh
size was found to be around 1mm. Identifying those elementary mesh sizes is crucial when
modeling with the semi-continuous approach. Figure C- 3.b, shows the geometrical
representation of the elementary pattern for the four-harness satin aramid ply with a cross-

sectional view showing the warp and weft fibers.
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Figure C- 3: Aramid ply (a) elementary motif and mesh size and (b) geometrical representation of the elementary motif

In the present study, the aramid plies are impregnated with epoxy resin, Araldite®LY 5052 /
Aradur®5052 [7], using a hand layup technique and leading to the following properties, Table
C-1

Table C- 1: Parameters of aramid 49 / epoxy resin

Parameter Value

Fiber volume fraction (%) 37
Avreal density (g/m?) 175
Ply thickness (mm) 0.26

5. Development of the new element

This section describes the newly developed modeling strategy. Previously, the rod elements
were placed on virtual nodes and connected by rigid links in the pre-existing models. Once the
shell elements are deleted, those rigid links will always separate the rod. Consequently, the rod
elements will hardly have contact with each other or any friction. The modeling strategy of the
new model is represented in Figure C- 4.

The addition in the currently developed model is the establishment of an eight-node solid
element, representing the resin, with rod elements representing the fibers placed on the eight
real nodes. Thus, the contact between the fibers can be represented when the solid elements are
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deleted. The eight nodes solid element is integrated via the USER element subroutine, while
the rod elements used are the built-in truss elements of the FE software RADIOSS. A classic
contact law existing in the software introduces the contact between the rod elements. In their

turn, rod elements are placed to replicate the architecture of the 4 harness satin aramid plies.

4-harness satin weave geometry Modelling strategy

Elementary mesh §§§§
Epoxy resine— Solid element
Fiber - Rod %\ E

bundles elements

Figure C- 4: Modeling strategy of the developed model

5.1.Solid element

Integrating a USER solid element gives the advantage of introducing user damage variables that
can represent the damage observed experimentally.

The eight nodes hexahedral brick element is the most used in 3D finite element analysis.
However, many numerical challenges might be encountered when using this type of element.
A full integration scheme may lead to volumetric locking, whereas the reduced integration leads
to zero energy modes, also known as hourglass modes. In the presented model, a user subroutine
is used to develop a volume element with a single integration point in addition to the hourglass

control treatment defined in [8].

Definition of the referential and local coordinate system

The developed solid element is isoparametric. Each element is associated with a referential
parent element with simpler geometry. Hence, the referential coordinate system (&, n, {) is to
express the local coordinates in simpler coordinates, which will be more efficient in numerical
integration [3] (Figure C- 5).
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6(1,-1,1)

Referential coordinate system Co-rotational (local) coordinate system

Figure C- 5: Coordinate systems of the three-dimensional isoparametric element

The geometry of the element in the system is defined by shape functions expressed in terms of

&, n, C[3]. The shape functions are defined in the referential coordinate system as follows:

NENLD =z (1-HA-MIA-Q;  Ns(EnY=3(1-8) (L+n) (1)
Ne(EM ) = (1= (U -1) 1+0;  Ne(En,) = z(1-8) (1+7) (1+)
Ns(EM Q) = @+ H (-1 A+ NENY = z(1+8) (1 +7) (1+)) (10)

NEND =z (1+HA-mMA-0;  Ne(En,Q) =1+ (L+m) (1)

Thus, the position, x, displacement, u, and velocity, u, of any point, M (¢, n, {) in the referential

coordinate system can be expressed as follows:

8 8 8
x (M) = Z Nk. (§,1,0) x; u(M) = Z Nk. (§,1m,0) uk; u = Z Nk. (§,1,0) u 'k (12)
k=1 k=1 k=1
Where krepresents the number of nodes, and N« represents the shape functions.

The transition from the referential coordinate system to the co-rotational one happens using the

Jacobian matrix []]:
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r 8 8 8 1
D NGB H ) Nea@EnOx Y NeiEndx,
k=1 k=1 k=1
8 8 8
JIED =Y Neai@nOy, ) Nea®ndy, ) NeEndy,
k=1 k=1 k=1

8 8 8
DNGENDz ) Nea@Endzn ) NuiEn 0z
Li=1 k=1 k=1 .

(12)

To express the derivatives of the shape functions in terms of the co-rotational coordinate, the

inverse of the Jacobian, [ /]~1, matrix is needed:

Nk, x Nkt
Nk,y] =[J]™%. !Nk,n
Nk, z Nk ¢

(13)

Internal force computation

The steps for internal forces calculation will follow the same order presented in Algorithm C-

2.

a) Strain rate:
The element strain rate is calculated at the integration points P;(g; n; ;) using the velocities

iy =( iy, Uyk, Ug). Noting that k denotes the nodes of the element.

_ ;Sxx -
£ .
éyy 8 T
L2 | =Y [B |ty (14)
Xy .
. k=1 u
28y, zk
[ 2€,,, ]

where [B] is the strain-displacement matrix at node k, its components are the derivative of the

shape functions at the points of integration P;:
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N:, O 0 ]
0 N, 0
i
[B] = N(f N? N’(;'Z (15)
k,x k)y
Nex 0 Ny,
L0 Ny Mgyl

b) Stresses and compliance matrix

The material law used in the model is orthotropic, with three damage variables in order to
represent the cracks in each direction. The damage variable calculation will be discussed later

in this section. The damageable stiffness matrix [C] is presented below:

(1-vyzvzy -dzy)E;cx (Vyx (1-dy)+vzx Vyz -dzy)EJ*cx (Vzx (1-dz)+Vyx Vzy -dzy)E;cx 0 0 0
1_Vdeg 1—vdeg l_Vdeg
(Vxy (1=dx)+Vzy Viz -dxz)Eg*/y (1-Vxz Vzx -dxz)Ej*ly (Vzy (1—dz)+Vxy Vzx dxz)E;y 0 0 0
1-Vdeg 1-Vgeg 1-Vgeg
=| (Wxz 1=dx)+Vxy Vyz Axy)Ezz  (Vyz (1=dy)+Vyx Viz .dxy)Ezz (1=Vxy Vyx Axy)Ezz 0 0 0
1-Vgeg 1-Vgeg 1-Vgeg
0 0 0 2Gyy * 0 0 (16)
0 0 0 0  2G,* O
0 0 0 0 0 2Gyy *]

WHhere, Vaeg = Vay Vyx Axy X Vg Vax Ayz X Vyp Vi dyy — 2 (vyx Vyz Vyz oy (1 — dz))

Exx = Exx(1 —dy), E;y = Eyy(1 - dy)l E;, =E,;;(1—-4d,), Gx*y = ny-dshearr

Guz = Gyzodyy, Gy = Gypdyy, dyy=(1—dy)1—dy), dy,=1A—d)(A—dy), dy, =
(1-d,)d—-d).

Hence, stresses can be calculated at time t + At, at the integration points P;(; n; ;), using

the strain rate and the compliance matrix:
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a&ni5)|,,,, = Oy =0 (§;n:,5)|, + [C1&@,n.8)| At

(17)

c) Damage variables:

The developed brick element distinguishes between three damage variables for the linear and
out-of-plane shear stresses d; (i = X, y, and z). For the in-plane shear stresses, there is a single

damage variable dgjcqr-

The evolution of the damage variables, d;, is based on the thermodynamic forces, also known

as energy release rates:
{ 0 ifY; <Y
di=sup{ﬁ_m ifY; > Y, (18)
| T
R (N N
The parameter Y, controls the damage initiation inside the resin matrix, and Y, controls its

evolution. Y;, which is the thermodynamic force in the local direction i, can be calculated

through:

oW,
~0d;

(19)

Where W, is the elastic energy.

The elastic energy can be calculated as follows:
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1
]/Ve :f_'o-ij'gij'dv (20)
v 2

where gy, and &;; (i=x,y,z) are the stresses and strains, respectively.

j

The in-plane shear damage is based on the pseudo-plastic behavior on the aramid plies when
loaded at £+ 45°. The same behavior was observed in Navarro et al. and Pascal et al. work [1,2]
with carbon/epoxy and glass/Epoxy. Therefore, the exact formulation is applied to compute the
damage variable dg,.4-- The behavior is represented by an elastic behavior with a plastic

correction. The elastic field f is defined by:

f= |Txy| - Kplaspﬁ — 7o (21)

where t,, is the in-plane shear stress, 7, is the yield stress, K,,,; and § are material

parameters defining the plastic hardening law, and p is the cumulative plastic strain. If the
elastic field f is greater than 0, the plastic correction occurs based on the Newton-Raphson

iteration scheme to update the plastic shear strain, y,f’y, and p:

Yoy = Viy + Yy (22)
where v, is the total shear strain and vy, is the elastic shear strain.

Hence, the damage variable d;,.,,- presented:

0 ify? <y?
. _{ f Vey < Vmax (23)

1 if Yoy > Vimax

where yP .. is the in-plane shear plastic strain to rupture.
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d) Internal force computation:

The final step is to compute the internal forces. For the numerical integration of a three-
dimensional problem, the domain 2, is converted to another one by a change of variable, where
& M, and C are between -1 and 1. To compute the integral numerically, Gaussian quadrature is

used to convert the integrals into summation, using a single gauss point.

nlP

J, recyspaxayas = jj FE QI OENIE = D w o D) o0

As discussed previously, the present model is formulated with a reduced integration scheme,
where one point of integration is considered at the center of the element mIP = 1), having the

following coordinates and weight:

Table C- 2: Gauss single point of integration position and corresponding weight

At this level, the constant part of the internal force can be calculated using the above mechanical

variables at a single gauss point of integration for the eight nodes of the brick:

dN aNk dN, dN, dN,
crxx5 ny'g-l'o'xz 5, A =w.]. crxx5 ny-5—y+axz-6—z

aNy aNk aNk _ aNk Ny aNy
o 20 2] o B, )

23

_j aNk_l_ aNk_l_ dN;, 0 = aNk_l_ aNk+ dN,
fa = A 02z 5, Ozx- 5. Ozy 5y =W.J| 0z 5, Oz 5. Ozy 531

200



Aramid epoxy semi-continuous model development and parameters identification

e) Hourglass force

The one point of integration generated hourglass energy modes. The are 12 hourglass modes,
four modes of each of the three coordinate directions (Figure C- 6), I' is the hourglass mode
vector defined in Flanagan & Belytschko [8].

= (+1-141-141-141-1) T2 = (#1#1-1-1-1-141+1) T3 = (+1-1-1+1-1+1#1-1) T% = (+1-1+1-1-1.+1-1+1)

Figure C- 6: Hourglass modes [3]

To prevent those zero-energy modes, the treatment proposed by Flanagan & Belytschko [8] is

integrated into the solid element formulation.

The hourglass internal forces are computed as follows:

4
iy = Quarf (26)
a=1

Where:

e iisthe direction index, running from 1 to 3,
e | isthe node index, from 1 to 8,

e « is the hourglass mode index, from 1 to 4,

e Q. isthe 12 generalized hourglass stresses,

e ¥/ isthe hourglass shape vector.

Several variables must be defined to compute the hourglass internal force computation. Four

base vectors define the 12 hourglass modes, I}*:
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Table C- 3: Hourglass base vector

a=1 a=2 a=3 a=4%
L1 1 1 1
L, |1 -1 -1 -1
I |-1 -1 1 1
I, | -1 1 -1 -1
I | -1 -1 1 -1
T | -1 1 -1 1
r, |1 1 1 -1
g |1 -1 -1 1

Accordingly, yf can be computed as follows:

1
V=T == (N X516 TF) (27)

where V is the element volume, computed by integrating the determinant of the Jacobian matrix

over the unit cube.
Consequently, after getting y/*, the hourglass nodal velocities %i is computed as follows,

where v;; is the nodal velocity:

8qi'
St =Y

Ui (28)

The hourglass nodal velocities%i will be used to get the 12-hourglass rates,Q;,, noting that the

indices i,j, and k are permutated according to the below table:
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Table C- 4: Permutations of i, j, k

J
2
3

W W N N P
N| | k| W
| N W P N W &’

Then,
Qui=t[(H;j + Hir)dui + Hijdj; + Hix ]
. 1 . .
Qij=2H [E Hiiqij + VHkaIii]a (29)
. 1+ )
Qis=2p (Tv) HiiGia,
where,
1(ATx))(aTx)
Hiizg—(/\ka) i#j+k,
(30)

1 . .
Hl-jzg(A};xk) i#j+k

and u is the shear modulus, and v is the Poisson ratio of the material.

In the above equation, x; is the nodal coordinates in the co-rotational system, and A;

represents an 8 x 1 matrices of the referential coordinates (¢, 7, {):
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Table C- 5: The linear base vectors A4;

Node | Ay A, A
1 -1 101
2 1 -1
3 1 1 1
4 -1 1 -1
5 -1 101
6 1 1 1
7 1 1 1
8 -1 1 1

Finally, the hourglass stress can be computed from the hourglass stress rate by applying the

below relationship:

1
Qi(xn+1 = Qian + AtQ.iozn_7 (31)

Therefore, the hourglass internal forces can be calculated using Equation 26, and the total
internal force can be deduced by adding the constant internal force to the hourglass internal

force:

{flint} _ {(flint)o} n {(flint)H} (32)

5.2.Rod Element

Formulation and cross-sectional area calculation

To represent the bundles of fibers, rod elements already exist in RADIOSS as truss elements

are used.

Rod elements have an elastic behavior with a brittle failure in tension. A maximum strain
criterion represents the failure in the rod elements. As for the cross-sectional area, S of the rod
elements is defined similarly to the existing semi-continuous approach [1]. Figure C- 7 shows
the elementary mesh of the woven fabric, representing the volume that the resin and the fibers

occupy. Where h is the ply thickness, V; is the fiber volume fraction, and L is the mesh size.
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Figure C- 7: Elementary mesh representation [1]
Based on the schematic of the elementary mesh, the cross-section can be deduced from:

Qf 2LS hLVf

Vr= Qp+0,  2LS+hL? ~ 2(1-vy)

(33)
where, Q; and , are the volumes occupied by the fibers, and the resin, respectively.

The fiber volume fraction for the aramid/epoxy plies is defined by taking the weight of the ply

before and after impregnation. Knowing the weight of resin (W,.;,) and fibers (Ws;pe,) in

addition to the density (pfiper, Presin), the volumes (Veper, Viesin) €an be calculated according

to
vV — Wriber — Wresin
fiber — ] y Yresin — ]
Pfiber Presin (34)
Therefore, V¢ can be determined:
Veiver
Vf =
Vfiber + Vresin (35)

All the values concerning the cross-section calculations are summarized in the below table.

Table C- 6: Cross-sectional area calculation parameters

Parameter L (mm) h (mm) Vi S (mm?)
Value 1 0.26 0.37 0.078
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5.3.Rod to-rod contact

A penalty-based edge-to-edge contact is implemented to introduce the contact between the rod
elements and integrate the friction. The contact law “Interface type 11” built-in RADIOSS
simulates the impact between truss elements by defining a minimum gap to activate the contact.
The contact is detected when the distance between the two edges is smaller than the sum of the
gaps between the two edges, N;, Figure C- 8. A cylindrical volume defines the gap around each
edge.

Figure C- 8: Schematic of the gap between two truss elements [3]

The contact input parameters include a minimum stiffness, Coulomb friction coefficient, and a
minimum gap Gap,,,;,. The recommended value for the stiffness is Stmin =1000 N/mm to avoid

too soft contact. Gapmin is calculated according to the cross-sectional area of the rod element.
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Parameters ldentification

1. Introduction

This section deals with the parameters identification for the numerical model of the
aramid/epoxy woven composite. The main two components used to model the aramid plies are
the volume elements, representing the epoxy resin, and the 1D rod elements, representing the
bundles of fibers. The strategy involves using numerous parameters that represent the physics
observed experimentally. The parameters identification method will be presented in the

following section.
2. Parameters identification
2.1.1dentification strategy

Aramid fibers with a four-harness satin weave architecture impregnated with hand layup
techniques are used in this work. This section aims to identify the material parameters needed
for the numerical model. As discussed in the previous section, the model is composed of resin

modeled as a solid element and bundles of fibers represented as 1D rod elements.

Experimental tests are conducted to identify the behavior of the aramid/epoxy composite

correctly. Three main tests took place:

e Quasi-static tensile tests on specimens with (0/90) ° orientation impregnated with epoxy
resin and neat.
e Quasi-static tensile tests on specimens with (£45) ° orientation for impregnated plies
e Drop weight indentation tests on impregnated aramid plies
First, the purpose is to define the parameters of the aramid plies before impregnation, then
define the parameters of the resin matrix. In addition, indentation tests are performed to adjust
the damage parameters by comparing the numerical and experimental results. The parameters

and the experimental tests associated with them are summarized in Table C- 7.
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Table C- 7: Experimental test and parameters for aramid/epoxy modeling

Parameter Symbole Identification test
Fibers Young's Modulus Ef Tensile test for neat aramid at (0/90)°
Maximum strain to failure Emax orientation
: , S
Resin Young's Modulus £ Tensile test for alramldl/epoxy at (0/90)
orientation
Shear modulus (MPa) Gxy = Gig
Elastic limit (MPa) T
4 3 (o]
Plasticity parametere 1 Kylas Tensile test for Iararmldfepoxy at +45
.. orientation
Plasticity parametere 2 B
Rupture plastic strain Yimax
Energy release rate-initiation Yo Drop weight impact on 3plies of

Energy release rate-evolution Y, aramid/epoxy

2.2.Quasi-static tensile tests

a) Experimental conditions:
The quasi-static tensile tests at (0/90) ° and +45° orientation are realized through an INSTRON
universal tensile machine. The dimensions of the specimens and configurations are shown in

Figure C- 9. They are made of one ply of woven fabric with a thickness of around 0.26 mm,
and five samples of each configuration are tested.
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30 mm
“«—»
i
100 mm 60 mm
7 Neat aramid Aramid/epoxy  Aramid/epoxy
A (0/90)° (0/90)° +45°
(@) (b)

Figure C- 9: Tensile tests specimens (a) dimensions and (b) configurations
2.3.Tensile test for (0/90)° orientation

-Neat aramid:
The tensile tests conducted on neat aramid lead to the definition of Young's modulus of the
fibers and the maximum strain to failure. The numerical modeling of this test is done using a
rigid body on the extremities of the modeled sample to represent the boundary condition and to
impose a velocity of 1m.s™. Recalling that the mesh size defined experimentally is 1mm. Since

the aramid plies are neat in this test, the cross-sectional area S is calculated as follows:

S _ m
fiber Priver L (36)
where m is the weight of the fibers, p;p, is the density of the fibers, and L is the length of the

fibers.

The load-displacement curves of the tensile test on neat aramid plies are presented in Figure C-
10. The modulus of the fibers, E:, monitors the slope of the curves, and the maximum strain to
failure, &, 1 responsible for the final rupture of the sample. Both parameters are defined
numerically by reverse identification, comparing the experimental and numerical curves, and

minimizing the difference between the two.
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Figure C- 10 : Comparison of experimental/numerical tensile test on neat aramid ply

-Aramid/epoxy composite:
The aramid/epoxy composite is fabricated with a hand layup method; therefore, the fiber
volume fraction is calculated with Equation 35 (Vi = 0.37). The numerical load case and
boundary conditions are similar to the previous neat aramid test. This test aims to define
Young's modulus of the resin Em. The supplier gives the Poisson's ratio of the resin, which is
equal to 0.3. As defined previously, the fibers represented by 1D rod elements have Er as fiber
modulus and &,,,,, as the maximum strain to failure. When integrated with the resin, the cross-
sectional area of the fibers is calculated based on Equation 33. A reverse identification

technique is used to define the modulus of the resin. Results are shown in Figure C- 11.
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Figure C- 11: Comparison of experimental/numerical tensile test on impregnated aramid
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Table C- 8 summarizes the parameters identified with the tests above.

Table C- 8: Parameters identified with the tensile test for plies at (0/90) ° orientation

Parameter Symbole Value

Fiber modulus(Gpa) Ef 45
Fiber tensile strain failure(%o) Emax 1.7
Epoxy resin modulus(Gpa) Em 4.5

2.4. Tensile test for +45° orientation

Pseudo-plastic behavior was observed during a quasi-static tensile test with £45° orientation
for impregnated aramid. The shear modulus monitors the linear part of the load-displacement
Curve Gy, . The shear modulus G,, is supposed to be equal to G,, = G, since finding it
experimentally is complicated, and its influence is negligible on the behavior of the composite
ply. Three main parameters monitor the elastoplastic material law, Ky, 1o, and . A
maximum plastic deformation y}, . achieves the final rupture. Results are shown in Figure C-

12. Figure C- 13 shows the experimental and numerical damage to the specimens.

1750 F
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= = — Numerical =
1250 - - F
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A | g
[ » ]
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Displacement (mm)

Figure C- 12: Comparison of experimental/numerical tensile test on aramid/epoxy at +45° orientation
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(@ o

Figure C- 13: Comparison of experimental/numerical damage of the aramid/epoxy at £45° orientation

The parameters identified are listed in Table C- 9.

Table C- 9: Parameters identified for the elastoplastic behavior of the (45°) oriented woven aramid

Parameter Symbole Value
Shear modulus (MPa) Gio 3500
Elastic limit (MPa) (0 50
Plasticity parametere 1 (MPa)  Kp4s 25
Plasticity parametere 2 B 0.2
Rupture plastic strain (%) )/f:lax 26

2.5.Drop weight impact test

Experimental test conditions
To identify the damage parameters of the impregnated woven ply, a drop weight test was
performed on three impregnated plies. The indenter has a hemispherical shape, made of steel,
having a weight of 2 kg and a diameter of 16 mm. The impact velocity reached 6m/s. A
100x100x0.26mm aramid/epoxy plies are simply posed on a clay witness having a thickness of
25 mm, Figure C- 14. The clay witness serves as a boundary condition. A load sensor is used
to record the effort throughout the time.
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A

Indenter
O16mm — 2kg

O V=6m/s

Aramid/epoxy plies J/

w1

130 mm

Clay witness ¢25 mm v 100 mm
© 130mm -
Side view Top view

Figure C- 14: Drop weight apparatus on three aramid/ epoxy plies

The energy release rates control the damage parameters of the matrix, Y, and Y,.. However, the
estimation of their values is complicated to measure directly experimentally. The identification
of those parameters is based on the data found in the literature for similar materials and by
comparing the crack length between experimental and numerical results. This comparison
shows that Y, and Y, are 5.2 MPa and 0.5 MPa, respectively. Noting that Y, is the damage
initiation parameter and Y, its evolution. Figure C- 15 compares numerical and experimental
matrix damage after the impact on three aramid/epoxy plies. The numerical model

overestimated the crack length by a maximum error of 8%.
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=
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27 1mm

(a) (b)
Figure C- 15: Back face damage length a) experimental results, and b) numerical simulation.
2.6.Friction influence
A comparative numerical study is held to understand better the influence of friction on the

behavior of the aramid plies. The same drop weight test presented in Figure C- 14 is modeled.
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All the conditions for the numerical model are the same. However, concerning the contact
parameters, one model did not include contact (edge to edge), the second one included contact,
and the third one included contact with a coefficient of friction p equal to 0.3 based on literature.
Figure C- 16 shows the load-displacement curves of the numerical models and the drop weight

test experimental curve.

1600

1400~ T

1200

1000 [ ]
_—
< " ,'"
’g 800 e ; 7
3 A

I”'
600 i /’ N
/
/ ' .
/ ===—p===  Experimental
400 - 7 | ——+—— Numerical-without-contact
e } Numerical-with-contact
Ry = Numerical-contact-fric-0.3
L /7, |
200 /
0
0 2 4 6 8

Displacement (mm)

Figure C- 16: A comparison of the load-displacement curves for experimental indentation results and the two numerical

cases results

The load-displacement curves show that the numerical model that does not have contact
between the rod elements fails at a displacement of around 4.3 mm after attaining a maximum
effort of 1200 N.

The model having contact with or without a coefficient of friction of 0.3 attains the same load
level as the experimental model, which is 17% higher than the model without contact. The
addition of the friction coefficient only increased the load by 4% compared to the model with

just contact, meaning that it did not influence the behavior of the fibers.
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This might be because the energy dissipation mechanisms in impregnated fibers result from
resin fragments and precipitation contact. This means that simple edge-to-edge contact with
friction cannot simulate this type of energy dissipation.
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Appendix D. Epoxy foam characterization and

parameters identification
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1. Introduction

This section deals with the parameters identification strategy for a material law that simulates
the behavior of closed-cell epoxy foams PB170, PB250, and PB400. The proposed numerical
model is MAT/LAW?28, a built-in material law in the FE software RADIOSS. A USER failure
model is integrated into the material law to represent failure modes seen experimentally.

Experimental tests are performed to identify the parameters needed.

2. Modeling Strategy of epoxy foams

2.1.Material law formulation (MAT/LAW?28)

The material law used to model the epoxy foam is typically used to simulate honeycombs
and crushable foams [1]. Hookian law describes the elastic region with a Poisson's ratio equal

to zero. The stress-strain relationship is described as follows:

o117 E11 O 0 0 0 0 1 ré117
Oyr 0 E,, O 0 0 0 &y
033 _ 0 0 E33 0 0 0 &33 (1)
012 0 0 0 Gy 0 0 €12
023 0 0 0 0 Gz 0| [é&23
o131 L O 0 0 0 0 Gyl Lés

where ¢ is the material stress, € is the material strain in each direction. Eii and Gii are Young's

modulus and shear modulus in the three directions.

The user defines the plastic region and densification with the input of the true stress versus
true strain curves for each direction. The input curves are deduced from experimental tests

(compression, tensile, shear).

The compression and tensile modulus for the epoxy foam used in the present work are
different.
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2.2.Damage parameters

A time-dependent dynamic failure law is introduced to handle the damage inside the epoxy
foam. The objective is to represent the behavior observed when the foam is crushed. To do so,
only the deviatoric part of the stress tensor is deleted when reaching the failure criteria. The
spherical part of the stress tensor will remain to represent the change in volume in the elements.
This damage law is based on Tuler-Butcher [34] cumulative damage integral D.This failure law
is not considered instantaneous but it needs a specific amount of time to initiate the failure,
where it takes place when o (the maximum principal stress) exceeds o, (the fracture stress) and
lasts for a certain period until the cumulative damage integral reaches the critical value K. The
cumulative damage parameter D is presented in (Equation 2), and when it reaches 1, the failure

occurs:

(2)

D J‘tmax (0, (0 — o,)Mdt
=] =

Where t is the time, A is a material constant (typically set to 2 [34]). o,- can be identified as

the dynamic tensile yield point or the true static tensile stress for failure.

Experimental observation showed that the epoxy foam specimen encounters tensile failure
when subjected to impact with a hemispherical shape indenter. Consequently, a failure model
in tension is introduced. This law is based on calculating the principal strains (&, &, &) at
each time step and comparing them toe,.,.,,, the maximum strain to failure criterion defined by

the tensile test. The element is deleted if one of the principal strains exceeds the failure criteria.

ifmax(e;, &, &111) > &ryp thenrupture (3)

To identify the parameters needed for the numerical models, a series of experimental tests is
conducted, compression, tensile, shear, and indentation. Dynamic tests took place when
possible regarding machine availability (compression and indentation on the drop weight
machine). However, quasi-static tests were conducted in the case of inaccessibility to dynamic
machines. The parameters that are identified with experimental tests are summarized in Table
D-1
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Table D- 1: Parameters of the material and the experimental tests associated with them

Parameter Symbole Identification test
Compressive modulus Ecomp Dynamic compression test
Tensile modulus E_tensile
Rupture strain Erup Quasi-static tensile test
Fracture stress o, (MPa)

Shear modulus G_shear Quasi-static shear test
Critical value of the damage

. K (MPa*.ms)  Dynamic indentation test
integral

3. Parameter identification

Dynamic compression

Dynamic compression tests are performed on 40 mm diameter and 20 mm diameter cylindrical
specimens for PB170, PB250, and PB400 through a drop weight machine. A high-speed camera
is used to capture the velocity of the impactor just before impact, Figure D- 1. The weight of
the impactor is 8 kg. PB170 epoxy foam samples are tested at a velocity of V=4 m/s. PB250
and PB400 samples are tested at V= 6 m/s to capture the three regions of the foam behavior
under compressive loading (linear, plateau, densification). A load sensor is used to record the

impact behavior of the samples throughout the time.
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Drop weight
guide ‘

Load
measurement
sensor

4 40 mm

Impactor

20 mm

High speed camera

(@) (b) (©
Figure D- 1 : Dynamic compression (a) test set-up, (b) impactor configuration and (c) sample dimensions

The compression test is modeled using two rigid walls. The rigid wall on the bottom
constrains the translation of the nodes on the bottom face. The second rigid wall is moving,
representing the weight and initial velocity of the impactor. The mesh size of the elements is 1
mm. Figure D- 2.a shows the numerical model, and Figure D- 2.b shows the numerical and
experimental load versus displacement curves.
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F —+—  PB250-exp .
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3 10} TEED =
. y AN L ==" IY)
= 75% PorAMA 2
5 E "J'
n ~ -
Py ij/d
“E Y " A
0 1
7.5 10 12.5 15 17.5
Displacement (mm)
(a) (b)

Figure D- 2: (a) compression test numerical model, and (b) load-displacement curves for the dynamic compression
test on samples PB170, PB250, and PB400
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The compression test results helped define the user input curves for the plastic and
densification region. The values of those curves are implemented in the material law. The
compression modulus is determined for the three epoxy foams by adjusting the slope of the
elastic region by comparing experimental and numerical curves. The curves of Figure D- 2.b
show that the chosen law can represent the classic behavior of the epoxy foams (linear-elastic,
plateau, and densification). The density of the foam influences the foam stiffness, plateau, and
densification.

Quasi-static tensile test

The tensile behavior of the epoxy foams is studied through a quasi-static tensile test. The tensile
test is established using an ultimate tensile machine (INSTRON) with a 10 kN load cell, with a
velocity of Imm/min (Figure D- 3.a). The sample tested has a geometry presented in Figure D-
3.b, a cylindrical shape sample with a diameter of 40 mm and a narrower one in the middle of
22 mm. The geometry of the sample makes it complicated to get the stress-strain curves.

Therefore, only the load versus displacement curves are presented.

The tensile behavior of the epoxy foams is studied through a quasi-static tensile test. The
tensile test is established using a tensile machine (INSTRON) with a 10 kN load cell, with a
velocity of 1 mm/min (Figure D- 3.a). The sample tested has the geometry presented in Figure
D- 3. b, a dog-bone cylindrical shape sample with a diameter of 40 mm and a narrower one in
the middle of 22 mm. Two metallic substrates attached to two screws adhere on each side of

the specimen. This system is used to mount the specimen unto the tensile machine.
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]
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Figure D- 3: Tensile test (a) apparatus and (b) sample dimensions

Based on this test, the tensile modulus of the three foams, the fracture stress, and the strain
to failure are defined. The numerical model and load-displacement curves are presented in
Figure D- 4. The experimental test is modeled with two rigid bodies, one to fully constrain the
bottom nodes of the specimen and the other one to impose the velocity. The mesh size ranged
from 1 mm to 1.7 mm. The numerical model is shown in Figure D- 4.a, and Figure D- 4.b shows

that the behavior of the samples is linear with a brittle failure.

Imposed 1
velocity 3

: == PB170-exp
wfem:  PB250-exp
== PB400-cxp
=+ = PB170-num
= 4 = PB250-num
PB400-num

Fully constrained . 0.4
Displacement (mm)

(@) (b)

Figure D- 4: (a) Tensile test numerical model, and (b) Load-displacement curves of tensile test on epoxy foam
samples PB170, PB250, and PB400.
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Quasi-static shear test:

Quad-bloc shear tests are performed to test the shear behavior of the epoxy foams. The
geometry of the test sample is illustrated in Figure D- 5. The sample consists of four rectangular
blocks of foam with 25x20 mm dimensions and 5 mm thickness. The foam blocks are bonded

on metallic substrates using an adhesive.

The samples are tested with a tensile machine (INSTRON) with a 10 kN load cell with a 1

mm/min velocity.

25 mm

ISmm
ISmm

< 60 mm

>
>

20 mm

Figure D- 5: Schematic of the sample geometry

The modeling of the shear test is done using two rigid bodies to impose the velocity and
boundary conditions Figure D- 6.a. The mesh size of the foam is 1 mm. This test helped define
the shear modulus of the epoxy foams. However, the failure strain definition is challenging
since the model failed prematurely, as Figure D- 6.b shows. Figure D- 7.a shows the stress XZ
contour, where homogenous shear stress distribution is seen. Figure D- 7.b shows the stress ZZ
contour. Stress concentration is seen on the substrates/foam level. The premature failure is due
to reaching the tensile failure criteria in those elements located at the substrate/foam level
(Figure D- 7.b).

226



Epoxy foam characterization and parameters identification

Fully constrained

=== PB170-exp =+ = PB170-num
== PB250-exp =<+ = PB250-num
1.5F | —+— PB400-exp =+ = PB400-num

Load (kN)

Imposed velocity

bl

0 0.25 0.5 0.75
Displacement (mm)

(@) (b)

Figure D- 6: (a) Shear test numerical model, and (b) Experimental/numerical comparison of load-
displacement curves for the quasi-static quad-bloc shear test samples PB170, PB250, and PB400.
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Figure D- 7: (a) Stress ZX and (b) stress ZZ contour of the quad bloc shear test numerical model of PB170

foam

Dynamic indentation test:

A series of dynamic indentation tests is achieved to validate the material law and define the
damage parameter K. The setup and the sample dimensions are presented Figure D- 8. Foam
densities PB170 and PB250 are tested with an impact velocity of 3.6 m/s and impact energy of
12.96 J. Sample with PB400 is tested with an impact velocity of 6.3 m/s and impact energy of
39.6 J. The dynamic indentation test is performed with an indenter having a hemispherical shape
with a diameter of 16 mm and a mass of 2 kg.
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Figure D- 8: Schematic of the test apparatus and sample geometry of the dynamic indentation test
The dynamic indentation test is modeled by representing the indenter by a spherical rigid

body, respecting the condition of the experimental test. The foam boundary conditions are
imposed by introducing a fixed rigid wall on the bottom face of the foam, Figure D- 9. The

mesh size under the impact area is 1 mm.

Figure D- 9: Numerical model for dynamic indentation test

The parameter K is defined for the three foams by comparing the experimental and numerical
curves for the dynamic indentation test. The load-displacement results are presented in Figure

D- 10 and Figure D- 11. The numerical models show a good correlation with the experimental

curves, where the linear and densification regions are well represented.
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Figure D- 10: Load-displacement curve for dynamic indentation load, of 13 J, on PB170 and 250,

experimental (solid line) and numerical (dotted line)
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Figure D- 11: Load-displacement curve for dynamic indentation load, of 40 J, on PB400, experimental (solid

line) and numerical (dotted line)

4. Summary of the identified parameters

All the parameters identified throughout this section are summarized in Table D- 2.
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Table D- 2: Parameters identified from the foam material law

Material properties PB170 PB250 PB400
Compressive modulus (MPa) 60 72 150
Tensile elastic modulus (MPa) 130 180 200
Shear modulus (MPa) 15 18 21
K(MPa*.ms) 2.2 7.15 15.23
Damage variables g, (MPa) 1.65 2.9 5.32
Erup 0.037 0.048 0.068

5. Conclusion

This appendix presents the formulation of the material law used to simulate the behavior of
the epoxy foams. A numerical modeling strategy is developed to represent the physical behavior
of the epoxy foam by adopting an existing material law (MAT/LAW28) in the FE software

RADIOSS. Failure models are integrated into the material law based on physical observation.

Experimental tests are conducted to identify the parameters needed for the numerical model.
The experimental tests also reveal a direct relationship between the density of the foams and
their mechanical properties. The results of the numerical modeling are coherent with the

experimental ones.

231



232



Experimental and Numerical Results for Low-Velocity Impact

Appendix E. Experimental and Numerical

Results for Low-Velocity Impact
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1. Introduction
This appendix presents additional numerical versus experimental results of the drop weight

tests in chapter 1. The constitutive laws used in the numerical model are detailed in Appendix
B, C, and D.

2. Numerical versus experimental results
Influence of the number of aramid plies in the middle

Figure E- 1 shows the experimental and numerical results of the drop weight test performed
on mono-foam structures with one or three aramid plies in the middle. The numerical model
shows a good correlation with the experimental results. However, the location of the peak load,
indicating that the impactor reaches the aramid ply or plies, might vary due to fabrication

difficulties (up to 12% error).
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Figure E- 1: Numerical/experimental force versus displacement curves of mono-foam density structures with

one or three aramid plies in the middle

Influence of the location of aramid plies

Figure E- 2 and Figure E- 3 present the numerical and experimental results of the drop weight
test on mono-foam structures with aramid distributed differently in thickness. The numerical
curves correlate well with the experimental ones for PB170, PB250, and PB400. Nevertheless,
the numerical curve in Figure E- 3.c shows a higher load (from 5 to 15 mm in displacement)
with an error of about 47%. Figure E- 4 shows some PB400 numerical results with different
fibers distribution; since the impactor is stopped before reaching the aramid plies in the middle,

only two results are presented.
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Figure E- 2: Numerical/experimental force versus displacement curves of mono-foam density (PB250)

structures with aramid plies distributed differently in the foam thickness
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Figure E- 3: Numerical/experimental force versus displacement curves of mono-foam density (PB170)
structures with aramid plies distributed differently in the foam thickness

PBA400-1-ply-bottom PB400-1ply-top-2-plies-mid

5
4 45 Legend
35 4
EXp e
3 35 P
=925 = 3 Num s
g éz.s
w 2 L 5
15 15
1 1
0.5 0.5
0 0
0 5 10 15 20 0 5 10 15
D (mm) D (mm)
@ (b)

Figure E- 4: Numerical/experimental force versus displacement curves of mono-foam density structures with
aramid plies distributed differently in the foam (PB400) thickness
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Influence of foam density

The comparison between numerical and experimental results of structures with bi-foam
densities with one and three aramid plies is presented in Figure E- 5 and Figure E- 6. It can be

shown that the numerical model agrees with the experimental results.
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Figure E- 5: Numerical/experimental force versus displacement curves of bi-foam densities structures with

one aramid ply in the middle
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Figure E- 6: Numerical/experimental force versus displacement curves of bi-foam densities structures with

three aramid plies in the
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