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Abstract

Metal or solid polymer anchors are employed as the load transfer components for foams and
foam composites structures, when they are used as the structural element in design. The traditional
method of fixation of these components is gluing and fastening, typically to the surface of the foam
or composite. In this work, the anchors are in the form of inserts and are imbedded in the foam
during the foaming process. Flexural testing was conducted on different metal foam configurations
to establish typical interaction trends. The load-deflection response, mode of failure and fracture
stresses of the structures are elucidated. Tests were conducted on the foam and foam composites with
rectangular, cylindrical, and taper insert geometries with different lengths. Leaf inserts were designed
and manufactured. Flexure testing was done on foam and sandwich composite structures with leaf
inserts. A linear elastic fracture model was studied, and fracture toughness for the foam beam with
inserts was calculated. Finite element analysis (FE) of the interactions between the inserts and the
foam structures under different loads were carried out. The FE modeling results coincided with the
experimental ones hence validating the model. FE simulations were also run with foams, and

sandwich composite structures with close-outs.
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CHAPTER 1

INTRODUCTION

1.1 Preamble

Cellular foam usage as a structural element has been steadily increasing over the past decade
primarily due to its favorable mechanical properties such as impact strength, toughness, stiffness to
weight ratio, fatigue life, and reduced material weight. These distinctive properties have enabled
foams to gain increasing acceptance in applications in industries like aerospace, automotive, and
marine structures and vessels.

The application of sandwich composites in load-bearing constructions is rapidly increasing.
Sandwich structures usually employ two thin, stiff and high performance laminate face sheets, bonded
to a relatively thick low-density foam core. The structure through its increased moment of inertia
transforms a bending load to tension and compression loads in the face sheets. The core keeps
together the face sheets and resists shear loads. This arrangement combines high bending stiffness and
strength with lightness.

Research has been conducted on the mechanical properties of foams, and sandwich composite
structures, but not extensively on the adhesion properties of the polymer foams with metal. Although
work was done on metallic foams interaction with inserts using pre-drilled holes with and without
glues, but not on polymers with metals.

The main drawback of polymer-based composites is their inability to withstand concentrated
loads. Joints, hinges and anchors used in polymer structures invariably are made of non-foamed
materials, primarily metals, and the interface between the two materials become the weakest link of
the foam structures. The foam structures, and sandwich composite structures containing various metal
inserts are characterized in the present study. Flexural tests were conducted on the polymer foam and
the sandwich composite beams and load-bearing properties are elucidated. The leaf insert concept is
also introduced. Finite element analysis using ANSY'S version 11 was also done on the foam, and
sandwich composites. Results from the foam and sandwich composites with inserts and close out

were also compared.



1.2 Cellular Foams

A cellular solid is one made-up of an interconnected network of solid struts or plates which
form the edges and faces of cells. The simplest is a two-dimensional array of polygons which pack
to fill a plane area like the hexagon cells of the bee similar to the beehive. For this reason it is known
as two dimensional cellular material honey combs. More commonly, the cell polyhedra which pack
in three dimensions to fill space are called three dimensional cellular materials foams [1]. Almost any
material can be foamed. Polymers are the most common, but metals, ceramic glasses and even
composites can be fabricated into cells.

Foam is a material, and foaming is a phenomenon. Production of foamed polymers include
three stages within the polymer, injection of gas, expansion of gas and stabilization of the polymer.
Different techniques are used for foaming different types of solids. Polymers are foamed by
introducing gas bubbles into the liquid monomer, or hot polymer allowing the bubbles to grow and
stabilize, and then solidifying by cross linking or cooling. The gas is introduced by mechanical
stirring or mixing a blowing agent into a polymer. Physical blowing agents are inert gases such as
carbon dioxide or nitrogen; they are forced into the polymer at high pressure and expanded into the
bubble by reducing the pressure. Alternatively, low melting point liquid such as methylene chloride
is mixed into the polymer and evaporates on heating to form vapor bubbles. Molecular foams with
cell sizes of 10u can be made by saturating a polymer with an inert gas under pressure and at room
temperatures and then relieving the pressure and heating the supersaturated polymer to the glass
transition temperature causing cell nucleation and growth to occur.

Chemical blowing agents are additives which either decomposes on heating, or combine
together when mixed to release gas. Each process can produce open and close celled foams; the final
structure depends on the rheology and surface tension of the fluids in the melt. Close-cell foams then
sometimes undergoes a further process known as reticulation, in which the faces of the cells are
ruptured to give open cells foams.

If the solid of which the foam is made is contained in the cell edges only (so the cells connect
through open faces), foam is said to be open-celled. If the faces are solid, so that each cell is sealed
off from its neighbors, it is said to be a closed-cell. The open celled and closed celled foams are

shown in the Figure 1.1.



Polymeric foams are eminently suitable for a wide range of applications. Man made foams
manufactured on a large scale are used for absorbing the energy of impact (in packaging and crash
protection) and in light weight structures (the core of the sandwich structure). Even if their primary

use is not insulation, foam can also be used for thermal insulation.

Figure 1.1: Open and close cell foams

1.3 Structural Composites

A structural composite is composed of both homogeneous and composite materials, the
properties of which depend not only on the properties of the constituent’s materials but also on the
geometrical design of the various structural elements. The laminated composites and sandwich panels
are two of the most common structural composites [2].

A laminate composite is made out of two-dimensional sheets or panels that have a preferred
high strength direction. The layers are stacked and bonded together such that the orientation of the
high strength direction varies with each successive layer. Depending on the combination of the
constituent materials, sandwich beams may have high strength and stiffness combined with low

weight, and good dimensional stability, corrosion resistance, and fatigue properties.



Facing

Foam core

Figure 1.2: Sandwich composite with facing and core

The sandwich panels, consists of two strong outer sheets, or faces, separated by a layer of less
dense material or core, such as foam, which has lower stiffness and lower strength as shown in the
Figure 1.2. The structure through its increased moment of inertia transforms a bending load to tension
and compression in the face sheets. The faces bear most of the in-plane loading, and also any bending
stresses. Typical face materials include aluminum alloys, and fiber reinforced plastics and steel.

The core serves two functions. Firstly, it separates the faces and resists deformations
perpendicular to the face plane. Secondly, it carries the shear load. The core is made of materials such
as foamed polymers and rubbers. Honey comb sheets are also used in aerospace application.
Sandwich panels are found in applications that include roofs and walls of buildings, aircraft wings,

fuselages, ... etc. [2].

1.4 Motivation and Objectives

Sandwich panels revolutionized the aerospace industry more than 40 years ago, making
aircraft lighter, stronger and faster and allowing them to carry more weight and improve fuel
efficiency. Today, panels are used from aerospace to recreation, in transportation vehicles on land and
sea, in architecture and many other applications and areas as well. Principal among foam sandwich

panels many advantages are their very high strength-to-weight ratio and their resistance to flexure and
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fatigue. Some of the important applications of sandwich composites in aircraft and aerospace are floor
panels, interior walls, capsule nose cones, bulkhead panels, satellites and for recreation: snow boards
and motorcycles.

Engineers worldwide have integrated these panels into a myriad of applications. The most
common problem hindering an even wider use of such panels has been deciding how to attach them
to each other or to other components of the structure. With the advent and improvement of adhesives
and epoxy as an adhesive, many designers have simply glued the panels together. Others have chosen
to use metal or solid polymeric fasteners, which are typically glued into place to provide threads into

the panel, or act as a grommet through which a bolt can be fastened.

Honey comb

Insert

Figure 1.3: Honey comb with inserts

Until now, these have been the only methods available for attaching panels and both of these
methods have serious drawbacks. Gluing panels together can work, but it is difficult and time
consuming, as special fixtures and tools must be made in order to hold the components in place while
the glue sets, especially for honey comb components as shown in the Figure 1.3. Inserts glued into
the panels has been the preferred method, but they present a different set of problems as they are
applicable to the metallic foams. Therefore, there is a need to redesign the metallic insertion inside
foam sandwich composites based on the panel attachment.

The main drawback of the foam structures is their inability to withstand concentrated loads.

Joints, hinges and anchors used in foam structures invariably are made of non-foamed material,



primarily metals and solid polymers, and the interface between the two materials becomes the weakest
link of such structure.

This study investigated this issue, by focusing exclusively on characterizing metal-foam
interaction in the form of metal inserts inside foam structures as well as in the sandwich composite.
Furthermore, a sandwich composite manufacturing methodology is reported for bonding facing with
the core without using any adhesive. An optimal insert geometry design was suggested for forming

the metal joints with foam and sandwich structure.

1.5 Thesis Organization

This thesis consists of seven chapters. The general idea of foam and sandwich composite is
presented in this chapter. The objective and motivation of the proposed research are also included.

A literature review dealing with the fabrication of foam and composite is presented in Chapter
2. Different manufacturing techniques for foam and sandwich composites are cited. The chapter also
includes a literature survey on mechanical and adhesion properties of foams with emphasis on the
bending properties. Mechanical and adhesion properties of sandwich composites are also investigated.
Finite element analysis results using commercial software ANSYS-11 is also presented in this
chapter.

Chapter 3 presents a novel methodology for the manufacture of foams with metallic inserts
of different geometries. The chapter starts by discussing the design and manufacturing techniques of
foam-metal structures. An experimental set-up is discussed and testing procedures are elaborated. The
test data is presented in detail and discussed. Finite element analysis results using ANSYS are
presented and compared with the experimental resulits.

A new approach for fabrication and design of the sandwich composite with metallic inserts
is presented in Chapter 4. The chapter starts by explaining the fabrication techniques of sandwich
composite with inserts. The testing set-up and experimental results are discussed. Stiffness reduction
model for sandwich composite is also discussed. Finite element analysis results using ANSYS are
presented and compared with the experimental results.

Chapter S starts by introducing a design of a new type of inserts: leaf inserts. Design and

manufacturing techniques of leaf inserts inside foam beams and sandwich composites is presented.

-6-



Test results for leaf inserts inside foam and sandwich composites are compared with other existing
geometries. Fracture toughness results are also presented in the chapter. Finally, FE results using
ANSYS are presented and compared with the experimental results.

Chapter 6 discusses attachment of the foam and sandwich composites with close-outs. The
close-outs are the replacement of inserts and are used as an attachment device with which the foam
and sandwich composite structure panels can be attached to another structure. Simulation results for.
the foam and sandwich composite with inserts and close-out were compared.

Chapter 7 concludes with a summary and general discussion of the results and main

contributions of this work. Recommendations for future research are also presented.



CHAPTER 2

BACKGROUND AND LITERATURE SURVEY

2.1 Introduction

Polymeric foams has been used to manufacture lighter, stiffer, and stronger structure in
different sectors including marine and aerospace for almost half a century. Other foams based on other
polymers were developed afterwards. Polyurethane foams are used nowadays to provide a
compromise between properties like better loading bearing, good moisture resistance, high strength,
and damping properties. Polyvinyl (PVC) was the first foam which was formulated for a marine
environment.

This chapter includes a detailed description of the previous work done on the properties of
foam polymers and their composites. Manufacturing and fabrication methods of these materials are
highlighted. A literature review of the mechanical and adhesion properties of foams and their
sandwich composite was conducted. Furthermore, FE analysis results on foam and their sandwich
composites reported in the open literature were also studied. [t is noted that extensive work was done
on the mechanical properties of foam and sandwich composites, but not much research was carried
out on the adhesion properties of polymeric foam and sandwich composite structures with metals or
the interaction between them across the bond. Work was done, however, on metallic foam interactions
with inserts using pre-drilled holes and with glues. Research on the foam and sandwich composite
structures were primarily done in the last decade. Consequently the literature search carried out in this

thesis will focus on foam-based composites from the year 2000 onwards.

2.2 Manufacturing and Fabrication of the Foams and Composites

Studies have been conducted on the fabrication of foams and composite structures. Mahfuz
et al. [3] studied the fabrication, synthesis and mechanical characterization of nano particles infused
polyurethane foams. Polyurethane foams were fabricated by doping of liquid polymers with 5-8 %
nano-particles and then casting the polymer into a rectangular mold. Flexural tests were conducted

on the fabricated samples and it was revealed that nano-particles enhanced the mechanical properties

-8-



of the polymer by almost 30-40%. Gain in strength is attributed to the delay in formation of cracks
during loading which resulted due to the surrounding of cell walls and edges by particles.

Hawkins et al. [4] manufactured the polyurethane foams using different mold sizes and
investigated the relationship between cell morphology, density, and compressive properties of
polyurethane foams. It was shown that the polyurethane foams formed in smaller molds had higher
density and less elongated cells, and hence better compressive properties. Xiong et al. [5] fabricated
the polyurethane foam tubes and studied the effect of distribution of carbon particles on tubes under
compression. Foaming materials and carbon particles were mixed together. poured into molds and
cured under compression. The micro structural analysis results revealed that the orientation of the
carbon particles was more uniform in the direction of compressive force as compared to other
directions where they are mostly scattered.

llie and Park [6] investigated the feasibility of applying the single charge rotational foam
molding processing for the manufacturing of an integral skin polymer foams comprising of a solid
skin and foamed cores. Such configurations were obtained by creating both the core and skin in the
concurrent manner by using the same foam material but different basic polymeric resins as shown

schematically in the Figure 2.1.

 Skindorming, ing, - Coredorming,

-~ noafeamabls toamable
component in a powder component in a
o form peitet form

magub
skin article
with a
" pore

Figure 2.1: Schematic for the manufacture of cellular
materials [6]




Houser et al. [7] fabricated a polyurethane core sandwich in which glass and carbon sheets
were used separately as well as together as facing surfaces. Impact tests were conducted on the
sandwich composite with single and multiple sheets to compare damage resistance. Results showed
that the provision of additional sheets considerably enhances the damage resistance ot sandwich
composites.

Lee et al. [8] manufactured the foam cored sandwich beam inside a mold using the co-curing
method; using the large difference in coefficient of thermal expansion between the foam core and the
steel mold. In this method, pressure was generated due to the difference in expansion rate of the foam
and steel mold. This process resulted in the co-cure bonding of the composite taces and foam core.
Sihn and Rice [9] fabricated and studied the flexural properties of the foam core sandwich beams with
the laminated face sheets under static and fatigue loading. The beams under the static loading showed
nearly linear elastic behavior until the maximum failure loads, and then failed either yield or brittle
mode. Failure in the core was due to shear. Both the moduli and strength of the sandwich structure
with carbon cores remained unchanged after a few hundred cycles of loading.

Bezazi and Scapra [10] presented a comparative analysis between the cyclic loading
compressive behavior of conventional, iso-density non-auxetic, and auxetic thermoplastic
polyurethane foams. While the three types of foams share the same base material (open cell rigid PU),
one batch is transformed into auxetic, using a special manufacturing process involving molding and
exposure to particular temperature profiles to stabilize the micro structure transformation. The
specimens were loaded in cyclic compression with a sinusoidal waveform in displacement control.
The static tests show the specific stress—strain compressive mechanical behavior of these auxetic
thermoplastics foams that are contrary to conventional ones and other similar data on the auxetics
available in the open literature. The effect of the load loss, stitffness degradation, the evolutions of
dynamic rigidity and accumulation of energy dissipation versus the number of cycles are discussed
for different load levels. The energy dissipated by the auxetic foams is significantly higher than that

of the conventional foams and iso-density foams at each number of cycles and load levels.
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Figure 2.2: Manufacture of Polyurethane foams process [11]

Tsai et al. [11] manufactured polyurethane foams of different thicknesses. The expanding
polyurethane was mixed with two-part liquid, and the combination resulted into a rigid, closed cell
polyurethane foam as shown in the Figure 2.2. Before the urethane was foamed, the sample was placed
in a mold with the two facing sheets to form a composite structure. Foam with varying thicknesses was
manufactured by using four fixed height washers in the corner of the mold, until the polyurethane
foaming was complete. Once the sample was fully cured, it was then removed from the mold. In the
manufacturing process of the composite board, the polyurethane foam thickness was controlled to 7
mm, 10 mm and 15 mm to evaluate its effect on the thermal conductivity. The Thicker PU foams were

found to have the better thermal conductivity properties.

2.3 Mechanical and Adhesion Properties of the Foams
Studies that were conducted previously have focused primarily on various properties of the
polymer, metallic and ceramic foam using standard testing techniques such as shear, compression,

fatigue and flexure, but not extensively on the adhesion properties of the polymer foams to metals.
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Olurin et al. [12] explained the joining principle of aluminum foams using fasteners with and
without adhesives. Four types of mechanical fasteners were used, wooden screw, nails, threaded inserts
and studs. Two sets of investigation were carried out. In the first case, the dry fasteners were directly
driven into the foam, and in the second case, fasteners were embedded in epoxy adhesives in pre-
drilled holes in the foam giving a combination of mechanical and adhesives attachment as shown in
the Figure 2.3. The mechanical characteristics were determined using the tensile, bending and pull-out
loads. The effects of the fasteners geometry on the load-bearing characteristics was studied. It was

reported that epoxy adhesive joints were better than the foam itself in all modes of loading.
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Figure 2.3: Insert inside foam [12]

Bernard et al. [13] reviewed various conventional joining techniques, like gluing and riveting,
which can be applied to the foam-sheet sandwich structures. Flexural as well as torsional tests were
conducted on the structures. The combined application of riveting and gluing was presented. It was
reported that the structure was weakened due to the drilled holes that were necessary for introducing
rivets, and resulted in failure of the foam core. The flexural tests also indicated that increasing the joint
area between the foam and cover sheets result in a rise in the failure load value. Furthermore, it was
reported that compared to riveted samples, welded compound structures have a larger joining area
which results in higher maximum loads. For these structures, torsion tests revealed that it was neither
the foam core nor the applied joining technique which was responsible for the failure of the structure,
but the sheet metal itself. The research provides deep insight into the various types of cellular materials
and explains the foam loading properties as well as the failure mechanism (elastic buckling, plastic

ytelding, etc . .. ).
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Figure 2.4: Tensile behavior of foams [14]

Kabir et al. [14] conducted the tensile and fracture tests on polyurethane and other polymer
foams. Various parameters such as specimen size, foam density and crack length were studied. Tensile
and fracture behavior was found to be non- linear up to the failure load as shown in the Figure 2.4.
Both the tensile strength and modulus were found to be strongly dependent on the foam density.
Fracture toughness of foam specimens with different crack lengths was also examined under flexural
loading. It was demonstrated that the fracture toughness is a function of crack length. It remained
constant to a certain length and then decreased beyond that point.

Mclntyre et al. [15] compared the tensile and fracture properties of high and low density
polyurethane foams. Fracture properties were characterized in terms of the fracture toughness and
critical strain energy release rate. It was reported that the fracture toughness and the critical energy
release rate were increased at high density. Furthermore, the fracture behavior of low density foams
was ductile whereas that of the high density foams was brittle.

Huang {16] developed a theoretical criterion for evaluating the failure of the cellular foams

under multi-axial loading and compared the predicted results with the published experimental data.



Experimental results reported in the research literature show that foam could fail in several modes;
elastic buckling, plastic yielding, brittle crushing or brittle fractures. It was concluded that only the
shear, tensile and compression tests were sufficient to completely describe failure behavior of foams.
Studies were also done on the compressive, tensile and tlexural properties of different structural
polymers foams under various testing scenarios [17 -19]. It was reported that epoxy-based structural
polymeric toams exhibited increased modulus and higher ultimate stress and strain to failure with the
increased density under quasi static loading. The failure behavior of the low density foams under
compressive loads is dominated by the collapse of porous cells which in turn triggers macroscopic
fracture, whereas high density foams exhibited more uniform failure. In the case of the bending,
failure occurred on the surface of the beam that is under tensile stress. At high strain rates, low-density
foams exhibit random macroscopic fracture, indicating that the failure behavior is not shear dominated,
whereas high-density foams fracture at45°, thus indicating shear-dominated failure. Under high strain
rate loading, foams exhibited increased yield stress and failure strength. In the range of the strain rates
investigated, the strain to failure of high-density foams decreased at high strain rates.

Research was conducted on the bending properties of light weight epoxies based syntactic
foams [20-21]. Foams are made by mixing the micro balloons (filler) with the resin material (binder).
The foam material can serve as the core in the sandwich composite with fiber reinforced polymeric
facing. It was reported that the addition of the elastomer increased the flexural strength of the
composite. Failure in the syntactic foams occurred due to crack propagation through the filler resulting
in failure of the entire composite. Based on the results presented, it was concluded that the dispersion
of glass micro spheres in an epoxy resin increased the fracture toughness compared to the unfilled
epoxy resin.

Kanny et al. {22] studied the shear and dynamic property of two ditferent closed cell polymer
PVC foams, namely HD 130 (linear) and H130 (cross linked). Shear tests revealed that HD 130 foams
were more ductile, had almost twice the energy absorption capability, and better crack propagation
resistance. For the foam, shear deformation occurred without volume change and the material failed
due to shear in the vicinity of the centerline along the longitudinal axis. In both cases, 45° shear cracks
formed along the length and across the width of the specimen immediately prior to the final failure

event.
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Kreter [23] studied the effect of varying density on the mechanical and physical properties
of polyurethane foams. 26 polyurethane commercial samples were obtained from five different
manufacturers with densities varying from 20 to 138 kg/m’. Samples were subjected to fatigue,
compression and shear tests. Test results show that an optimum density value of 80 kg/m’ of
polyurethane foams is required in order to maximize the fatigue properties.

Davy et al. [24] studied the critical stress-intensity factor for crack initiation using different test
geometries for rubber-toughened epoxy polymers. A main difference between the test geometries was
that some employed a through-thickness crack whilst others contained an embedded surface crack.
Fracture toughness was calculated using the 5% oftset method. A detailed study of the applicability
of linear-elastic fracture-mechanics (LEFM) was conducted, and only valid LEFM results were
considered, it was shown that the values of stress intensity factors were independent of the geometry.
Furthermore, the results from a through-thickness crack were the same as those obtained from a
surface crack. The particular aspect of slow crack growth on the determination of the stress intensity

factor was considered in detail.

2.4 Mechanical and Adhesion Properties of the Composites

Studies were also done on the mechanical properties of sandwich composites [25]. Bakos and
Papinocolou [26] studied the bending behavior of sandwich beams with polyester resins as core and
a glass fiber and aluminum as facing sheets. Testing was done in accordance with ASTM D70 which
outlines the flexural behavior of plastics. Four different skin treatments and three different core
materials were applied in order to study the effect of these parameters on the overall bending behavior.
Stresses in the x-direction of the facing were calculated as shown in the Figure 2.5 and the
experimental results were compared with the theoretical model. Delamination between the core and

the skin was reported as a mode of failure.
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Figure 2.5: Bending set-up [25]

An experimental study was conducted on the behavior of composite sandwich beams under
flexural loading [27]. Sandwich beams were fabricated by bonding unidirectional carbon/epoxy face
sheets (laminates) to aluminum honeycomb cores with an adhesive film. It was reported that bending
behavior of the beams, whether loaded under four-point or three-point bending, was governed by the
face sheets. Furthermore, as the core stiffness was much smaller when compared to the facing layers,
hence no failure in the facing was observed. Furthermore, stress strain plots revealed that failure
occurred at a stress value much lower than the yield strength of the facing. Experimental results were
in good agreement with the predictions of the simple models assuming that the face sheets behaved
like membranes and neglecting the contribution of the core.

Research was conducted on sandwich composite with inserts [28]. Inserts were used as the
reinforcements in the composite. Inserts were made of metal, polymer and ply wood. The new design
of the core inserts substantially diminished the level of local stress concentration effects in the faces.
The suggested inserts were structurally graded by means of shaping insert boundaries to be inclined
with respect to the sandwich faces, which provides smoothing of material discontinuities at the
junction of different materials. The new design of the core insert was studied experimentally, and the
design parameters of the core insert were studied using finite element modeling (FE).

Xia et al. {29] presented an exact solution based on the classical plated laminated theory for
composite pipes under pure bending. Detailed stresses and deformation of the filament wound

sandwich pipe subjected to bending loads were investigated and discussed. It was shown that the
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stresses and strains depend strongly on the winding angle when the pipe has the filament-wound layers
with highly anisotropic composite. The cross section of a pipe was no longer a circle after the pipe was
subjected to bending loads.

Karthikeyan et al. [30] investigated the bending modulus of fiber-reinforced polymers and
syntactic foams containing varying percentages of E-glass fiber for sandwich and structural
applications. Polymer composite foams or syntactic foams containing 0.9, 1.76, 2.54,3.54 and 4.5 %
volumes of short E-glass tibers were processed and subjected to a three-point bending test. The results
show that the flexural modulus increased with fiber content, with the exception of 1.76% and 3.5%
of fibers. This deviation was due to a higher void content for 1.76% and a non-uniform distribution
of tibers in the polymer composite foam system for 3.5%. However, in general, the incorporation of
chopped strand fibers improved the flexural behavior of the syntactic foam system without much
variation in density, thus making the reinforced syntactic foams act as improved core materials for
sandwich and other structural applications. The results showed that for the polymer foams the flexural
modulus increased as the percentage of fiber increased. Thelun and Sarzynski [31-32] studied the
flexural behavior of sandwich composites. The minimum core -to- face weight ratios for bending
stiffness and failure modes of sandwich structures were investigated. The primary damage mode that
was observed took the form of cracks in the foam core. The optimum core-to-face weight ratio for
bending stiffness was found to be two and for bending strength was found to be one. Finite element
models were also developed to study and validate the experimental results.

Moutriz and Shafiq [33-34] reported the compressive, flexural and shear properties of
sandwich composites containing defects. The properties were found to be reduced with increasing
interfacial crack or impact damage, but only when the defects caused a change in the failure mode,
which was dependent on the load state. The principal failure modes under the different load states were
also compared. The properties were also dependent on the severity of impact damage with low energy
damage to the skin having a small etfect on the stiffness and strength than high energy impact which
damaged both the skin and foam core.

Shafiq and Kulkarni [35-36] reported the failure properties of foam core sandwich composite
with and without an end notch under flexural fatigue loading. Extensive fatigue data was generated

and S-N curves were plotted. For the tlexural results without an end notch. three distinct damage
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events were found. The first was the core skin debond parallel to the beam axis. This debond
propagated slowly along the tip interface and eventually kinked into the core as shear crack and then
grew in an unstable manner resulting in total specimen collapse. For the notched beam, the core
damage was found to be the predominant failure activity while fiber rupture served as a precursor to
the complete failure. Multiple crack initiation sites were observed under the fatigue loading in the
vicinity of the notch tip. Both mode I and II cracking was observed in the core and along the interface
of'the core and the face sheets. Flexural stiffness was also reduced by increasing the number of cycles
to failure.

Lee and Tsotsis [37] studied the failure behavior of honeycomb sandwich panels subjected to
the indentation loads. Two scenarios of loading were considered which are the point and distributed
loads. It was revealed that indentations induced stresses in the core relevant to the onset of indentation
failure, and were found to be dependent on the skin bending stiffness, core stiffness, and indenter size.
The calculated maximum normal and shear stress value were studied. Comparison showed that core
failure dominated the onset of the indentation failure.

Load carrying capacity of fiber reinforced plates were studied by Movsumov and Shamiev [38].
The plates were simply supported as well as clamped. It was reported that depending upon the ratio
of ultimate radial and circumferential bending moments, in the plastic range, circular plates took the
shape of a cone or frustum of a cone. The statically allowable fields of bending moments and
corresponding deflections were calculated.

Kanny and Mahfuz [39] studied the effect of frequency on the behavior of reinforced sandwich
composites with two different PVC cores. It was observed that fatigue strength increased with core
density and that the number of cycles to failure increased with the increase in frequency. In all cases,
tailure was dominated by primary shear stress in the core, however, the crack path and crack
propagation rates varied with the frequency. It was also reported that crack growth rate decreased with
an increase in loading frequency.

Thomsen and Bunyawanichakul [40-41] studied the impact of inserts in sandwich structures
for aerospace applications such as flaps and landing gear doors. In the case of landing gear doors, the
Jjunction is made through Nomex. Experimental investigations were presented and a related numerical

model of quasi-static pull-out tests of potted inserts.
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The difterent types of damage were identified and a failure mechanism was proposed. Initially,
the cell walls of the core buckled under shear. This was followed by the appearance of damage in the
potted insert under the head of the screw. Finally the head of the screw penetrated the skin because of
the lack of resistance of the potted insert and the increase in shear stress in the skin. Following these
experimental conclusions, a nonlinear finite element model was constructed. It included the nonlinear
behavior law of the honeycomb which was identitied by a simple three-point bending test. Other
material characteristics were identified by the classic tests and the perfect plastic behavior of the potted

insert was taken into account.

Figure 2.6: Insert inside foam core [41]

Rice et al. [42] studied the flexural properties of hybrid sandwich structures with carbon fibers
or metallic pins that were inserted into the foam core in the out-of-plane direction and extended from
face sheets as shown in the Figure 2.6. Experimental results revealed that under the correct geometric
conditions, pins reinforced panels would still fail by indentation; however the predicted shear failure
mode was not observed. Explicit experimental observations were used to calibrate the analytical
energy balance models describing the panel collapse as a function of geometry and properties.

Steeves et al. [43] presented the analytical solution of the three-point bending collapse strength
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Figure 2.7: Modes of sandwich composite fracture [42]

of sandwich beams with composite faces and polymer foam cores. Failure was caused by the
competing modes of face sheet micro buckling, and plastic shear of the core, and face sheet indentation
beneath the loading rollers as shown in the Figure 2.7. Particular attention was paid to the development
of a mathematical indentation model for elastic faces and an elastic—plastic core. Failure mechanism
maps were constructed to reveal the operative collapse mode as a function of the geometry of the
sandwich beam, and minimum weight designs were obtained as the function of an appropriate
structural load index. It was shown that the optimal designs for composite—polymer foam sandwich

beams were of comparable weight to sandwich beams with metallic faces and a foam core.

2.5 Finite Element Analysis Results on the Foams and Composites

Finite element analysis (FE) plays a vital role in predicting the linear and non-linear behavior
of polymer and composite structures. Sandwich beams were modeled and studied by Vincent Manet
[44] in ANSYS. He used various models to compute displacements and stresses of a simply supported
beam. Eight-node quadrilateral elements (Plane 82) and multilayered 20-node cubic elements (Solid
46) were used. The influence of mesh refinement and of the ratio of Young’s moduli of layers were
studied. Simulation results were compared with the published data. It was observed that the Plane 82
element was the most accurate element based on comparison with published data for calculating the

stresses and strains of sandwich tacing and core.
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Lin and Bull [45] developed a finite element simulation model using ANSYS for predicting

the deformations and stresses of non-rigid materials (NRM) under the influence of a pinch gripper.
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Figure 2.8: ANSYS comparison with experimental results [45]

Two dimensional plane element types 82 and 42 were used, and the results were compared with
experimental results as shown in Figure 2.8. Specific attention was given to the differences in response
of the NRMs to the shape (rectangular and cylindrical) of the gripper used. The influence of mesh
refinement and aspect ratios of the elements has been studied. The non-linear behavior of NRM
compression has been described in the materials model used by the FE program.

Queiroz et al. [46] investigation focused on the evaluation of full and partial shear connections
in composite beams using the commercial finite element(FE) software ANSYS. The proposed FE
model was able to simulate the overall flexural behavior of simply supported composite beams
subjected to either concentrated or uniformly distributed loads. The reliability of the model was
demonstrated by comparisons with experiments and with alternative numerical analyses. The nonlinear
behavior of NRM compression was described in the materials model used by the FE program.
Experiments were carried out to validate the FE modeling approach for a specific material sample

(Polyurethane foams). It is concluded that there is a good comparison between the modeling and



experimental results and that the model can reasonably predict what could happen in real applications.
The advantages of this model were ease of construction, fast solution times and good accuracy.

Kolakowski and Kubiak [47] presented basic ideas for an approach to assess stability, post
buckling behavior, and load carrying capacity of thin-walled composite structures using ANSYS. Thin
walled composite beam-columns with open and closed cross-sections (channel and square) were used
as examples. In order to analyze the stability of the structure, and estimation of critical stress, ANSYS
was used. Results obtained from ANSYS were compared with the theoretical model. Presented
examples show that the sole application of the FEM cannot guarantee correct results ot load carrying
capacity and post buckling behavior.

Kramer et al. [48] investigated the experimental and numerical configurations ot hollow and
foam filled stringers under axial and bending moments. The use of stringer profiles has proven to be
the most suitable method for stiffening thin shells, typically used as engine air inlet duct panels or
engine cowling panels. Finite element analysis software ANSY'S was used for the numerical purpose.
Foam filled stringers demonstrated higher buckling loads as compared to hollow ones. The reliability
of the model was demonstrated by comparisons with experiments results and with alternative

numerical analyses.

2.6 Summary

Manufacturing and fabrication techniques of the foam and sandwich composite were studied.
A detailed literature review on the mechanical and adhesion properties of foams and sandwich
composite was also conducted. Furthermore, FE results on foam and their sandwich composites
reported in the available literature were also studied. It was concluded that extensive work was done
on the mechanical properties of toam and sandwich composite structures. However, it was also noted
that these researches did not thoroughly examine the adhesive properties of foam-based sandwich
structures with metals, especially in flexural loading. Work was done, however, on metallic foam
interactions with inserts using pre-drilled holes and also with glues. Chapter 3 will presents a novel

methodology for the manutacture of foams with metallic inserts of different geometries.



CHAPTER 3

DESIGN, FABRICATION, AND TESTING OF
FOAM STRUCTURES WITH INSERTS '

3.1 Introduction

This chapter focuses exclusively on characterizing metal-foam interaction in the form of metal
inserts in foam structures. Research conducted so far has focused primarily on the various properties
of the polymer foams using standard testing techniques such as shear, compression, fatigue and
flexure. These studies did not thoroughly examine the adhesive properties of foam with metallic
inserts. Therefore, this chapter focuses on developing and examining an effective approach for
introducing metal inserts for joining the foam structures together and provides anchor points. To that
end, Polyurethane (PU) was foamed to partially engulf the metallic inserts of different shapes and sizes
in order to study their effect on strength and adhesive properties. Once cured, flexure tests were
conducted by supporting the structure through the inserts and loading the cured foam. The effects on
modulus of elasticity and adhesive properties of embedded length and shape for these composite foam
structures were studied and failure methods were analyzed. Results for the foam structures with
different metallic inserts were compared. For design purposes, a finite element model was developed
using commercial software, ANSYS 11. Models matching the experimentally tested dimensions and
geometries were developed in ANSYS, analyzed, and the stress strain results compared to the

experimentally obtained ones.

' Reproduced from: Ahmed, A, Fahim, A and Naguib, H., July 2008, * A Study on the Design and
Mechanical Adhesion of Polymer Foam-Metal Joints™. ASME-Journal of Enginecring Materials and
Technology. 130.No.3, pp.03101(-1-7.



3.2 Experimental Procedure

3.2.1 Fabrication of Foams with Inserts
Polyurethane foams, closed cells, of density, 25kg/m’, and three times expansion capabilities
were used in the experiments. Foaming was done inside a rectangular mold. Attachments for the

inserts were designed and manufactured as shown in the Figure 3.1.

50

A
Figure 3.1: Attachment for holding inserts

The mold, attachments, and inserts were made of machined aluminum 6061 alloy. Proper
surface treatment was given to all the aluminum components after machining and they were filed and
cleaned with sand paper to remove any chips or burs. Two holes shown in Figure 3.1 are for holding
rectangular and taper inserts with attachment, but for the cylindrical inserts, an additional hole was
drilled in the middle of the attachment. Thickness of the attachment was 9 mm and the diameter of
holes was 3 mm. Once foamed, each specimen was left in the mold for approximately 24-48 hours to
ensure dimensional stability during curing. The dimensions of the rectangular foam beams produced
are: 300 mm x 120 mm x 50 mm. The dimensions of the aluminum inserts are given in the Table 3(a).

The photograph of foam with an imbedded insert is shown in the Figure 3.2.
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Table 3(a): Insert geometries and dimensions

Insert Geometry Dimensions (mm)

Diameter Height Width Length
Rectangular N/A 9 50 100, 75, 50
Cylindrical 12 N/A N/A 100, 75, 50
Taper N/A 9to1 50 100, 75, 50

insert

50
300

bending test procedure for plastics. Tests were conducted on an Instron 4482 machine with a 100 KN

load cell at room temperature. The loads were applied at the center of the foam beam while the

Figure 3.2: Experimental foam sample with insert (all dimensions in mm)

3.2.2 Flexural Tests

Flexure tests were conducted in accordance with the ASTM D790 which outlines the standard

-25-

attachments screwed to the embedded inserts rested on two supports as shown schematically in the




Figure 3.3. The direction of the taper is shown in the Figure 3.4. The actual experimental set-up is
shown in the Figure 3.5. A slow cross head speed of S mm/min was used for all the tests and the
load-deflection data points were obtained using a PC. After the final failure, the maximum load was
recorded and photographs were taken to document the final state of each specimen. Flexural tests were
also conducted on foams without reinforcement and the results were analyzed and compared with
foams with inserts. A total of five tests for each insert length was conducted as per the ASTM standard
and the average values from the tests were plotted and are shown in the figures below. In order to

avoid crushing of the foam beam, a line load along the width of the foam beam was applied.

< 400 ){

Figure 3.3: Schematic of the three point bend set-up (mm)

Figure 3.4: In plane direction of the taper insert
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Figure 3.5: Experimental bending test set-up

Flexural stress- o  was calculated as follows:

_3PL

= 3.1
2bd? 3.1

O'f

Where P is the applied load, L is the span length, b is the width of the tested beam and d is the depth

of the tested beam.

Flexural Strain- £, was calculated using the equation:

6Dd
£, = ——
/ L2

Where D is the maximum deflection of the beam. £ is the support span and d is the depth of the tested

beam.



Shear Modulus- G was calculated using the equation:

E=2G(1+v) (3.3)

Where v is the Poisson ratio.

3.3 Results and Discussions

Results obtained from the flexure tests with inserts that are rectangular, cylindrical, and the

wedge (taper) in shape, and with lengths of 100 mm, 75 mm, and 50 mm are presented below.

3.3.1 Rectangular Inserts

Experimental results of the foam structures with three different lengths of the rectangular
inserts were compared against those for foams with no inserts and are presented in the Table 3(b).
Photographs of the failure modes for the cases of the 100 mm, 75 mm are shown in the Figure 3.4(a)

and 50 mm inserts are shown in the Figure 3.4(b).

Table 3(b): Moduli of elasticity and shear of the composite structure with rectangular,

cylindrical and taper inserts. (E & G for simple foams with no insert are 4.51 and 1.80 MPa

respectively).

Insert Modulus (MPa) 100 mm 75 mm 50 mm

E 5.12 5.02 4.86

Rectangular G 2.048 2.008 1.944

E 5.04 4.91 4.73

Cylindrical G 2.016 1.964 1.892

E 5.29 5.18 4.91

Taper G 2.116 2.072 1.964




a) Foam fracture b) Adhesion failure

Figure 3.6: Photographs showing the nature of the fracture of the composite structure with
rectangular inserts a) The foam fracture for long insert length b) adhesion failure for short
insert length.

It was noted that for the two longer inserts (100 mm and 75 mm) strong bonding between the
polymer and insert existed. The failure occurred due to fracture of the foam rather than debonding. The
foam experience little plastic deformation and the nature of the fracture was ductile. Cracks were
initiated in the tension side of the composite structure and propagated along the cross section of the
foam, and finally resulted in complete fracture. This foam behavior in terms of yielding and ductile
fracture is similar to that reported in Mclntyre et al. [15] research where fracture properties of the low
density foams were studied. However, for the smallest insert length, S0 mm, the adhesion failure
occurred in the bond and resulted in the slip of the insert from the foam structure. The bond strength
in the case of the 50 mm length inserts is less than the fracture strength of the foam, and consequently
results in adhesion failure. Furthermore, it was observed that the foam-insert failure occurred in two
steps; Firstly, due to bending, the inserts were pressed against the foam which resulted in higher
concentration of compressive stresses in the foam under the insert surface, and the degradation of that
foam. Secondly, due to its distance from the neutral axis the tensile stress on the surface of the
rectangular insert, coupled with the higher stress concentration effect at its innermost corner, initiate
de-bonding of the insert from foam. This eventually resulted in the rectangular insert pull-out failure

as shown in the Figure 3.7.
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Figure 3.8: Bending stress and strain curves for foams with rectangular inserts

Typical bending stress-strain curves in the Figure 3.8 shows marked non- linearity for the low
density foams similar to those reported in [15]. The peak of the graph represents the maximum stress
value. Data for the three lengths of inserts are presented in the figures. The spread of the magnitude
of the stress at selected strain values and the average of the stress values are indicated on the graphs.
A smoothed curve is drawn to join the average stress values. Although two distinct failure modes
(foam fracture and bonding failure) were observed in the tests, the pattern of stress strain curves was
the same.

Since modulus of elasticity of foams was discussed in the ASTM D790 standard, therefore the
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modulus of elasticity of foam structures were calculated from the test results. The modulus of
elasticity, E, of the foam structure varied with the embedded length of the insert. As the insert length
was increased so did the stiffness. Increasing the embedded length hindered the initial deformation of
the composite structure under the load and resulted in a higher force being applied for the same
bending displacement. In all cases the stiffness of the foam structure with inserts is larger than the
stiffness of the simple foam (no insert) to some extent. As the shear modulus is directly proportional
to the elastic modulus, therefore this coincided with the experimental results where the shear modulus

of the foam structures increased with the increase in length of the inserts.
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Figure 3.9: A trend line of the increase in modulus of elasticity due to
the increase in rectangular insert length.

The Figure 3.9 shows the general trend of the increase in the modulus of elasticity due to the
increase in the length of the insert in the foam structure. As can be seen from the figure, the trend is
very close to being linear. Furthermore, the intercept of the trend line almost coincides with the value

for the experimentally calculated modulus, 4.51 MPa, of the simple foam beam with no insert (zero

insert length).
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3.3.2 Cylindrical Inserts

The second set of tests was conducted with the cylindrical inserts, again with three different
lengths. The experimental results were compared with those for the foam slab with no inserts, and are
presented in the Table 3(b). Also, the photograph of the failure mode for the 50 mm inserts are shown
in the Figure 3.10.

Adhesion failure

Figure 3.10: Adhesion failure for cylindrical inserts

It was observed that for the longer cylindrical inserts (100 mm and 75 mm) ductile foam
fracture occurred with little evidence of yielding similar to the case of the long rectangular inserts.
However, for the 50 mm length, slippage occurred between insert and foam.

The Figure 3.11 shows the plot of the stress strain curves obtained from these tests. As the
load-bearing area for the cylindrical inserts is smaller than that for the rectangular inserts, the load
magnitudes that resulted in de-bonding failure are smaller than those for the rectangular inserts. The
plot in the Figure 3.8, was used to calculate the modulus of elasticity of the foam structure with

cylindrical inserts.
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Figure 3.11:Bendingstress strain curves for foams with cylindrical
inserts
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Figure 3.12: Trend line of the increase in modulus due to increase in
cylindrical inserts length

The Figure 3.12 shows the linear regression line of the modulus of elasticity of the composite
structure with increasing insert length. The intercept of the line again almost coincides with the £ value

of 4.51 MPa of simple foam slab without the insert.
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3.3.3 Taper Inserts

Experimental results from the three different lengths of the taper inserts in foam structures were
obtained and compared to those for foam slabs with no inserts and are tabulated in the Table 3(b).
For the case of the tapered inserts, again foam fracture was observed for the longer insert

lengths, 100 mm and 75 mm. For the shorter insert length, 50 mm, it was observed that de-bonding
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Figure 3.13: Bending stress strain curves for foams with taper inserts

failure occurred in both inserts. Compressive stresses on the foam and tensile stresses on the inserts
resulted in the failure. The value of the maximum stresses calculated for the taper inserts were higher
as compared to the rectangular and cylindrical inserts. This can be explained by the fact that the tensile
( stretching loads) at the tip of the wedge are very low due to its close proximity to the neutral axis,
and hence the effect of the stress concentration at the tip did not initiate too early failure. Furthermore,
the taper inside the foam reduced the intensity of the force on the foam. The modulus of elasticity was
calculated from the typical non-linear stress strain traces as shown in the Figure 3.13.

The Figure 3.14 shows the linear regression trend of the change in E versus the insert length.

Again here the intercept of trend line is coinciding with the modulus of elasticity for a simple foam.
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Figure 3.14: Trend line showing the increase in modulus with insert length

After analyzing all the different geometries separately, it was observed that the embedded
length plays a significant role in estimating stiffness and adhesion properties. The larger the length,
the better the results were for the stiffness and adhesion. Less bonded area for all the geometries
resulted in the adhesion failure at lower loads compared to the bending failure for the longest inserts.
Stress concentration also played a decisive role in initiating insert failure. The taper inserts were
considered the best in terms of the geometry, stress concentration factors and placement with respect

to the neutral axis.

3.4. Finite Element Analysis

Two dimensional finite element models were developed for the foam with inserts structures
using the commerecial finite element program, ANSYS 11. The purpose of the exercise was to validate

the FE modeling technique, and use that later for the design of foam structure with inserts.

3.4.1 Model Parameters

Advances in computational features and software have brought the finite element method

within reach of both academic research and engineers in practice by means of general-purpose non
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linear finite element analysis packages, with one of the most used nowadays being ANSYS. The
program offers a wide range of options regarding element types, material behavior and numerical
solution controls, as well as graphic user interfaces (known as GUIs), auto-meshers, and sophisticated
postprocessor and graphics to speed the analyses {51]. In this research, the structural modeling of foam
was done on ANSYS version 11. The purpose of the exercise was to validate the FE modeling
technique based on the stress strain response of the model.

An eight-node element (PLANE 82) was selected due to its proven better results in the open
literature for foam structure modeling [44]. Plane 82 is a higher order 2D element. It provides more
accurate results for mixed (quadrilateral-triangular) automatic meshes and can tolerate irregular shapes
easily. The 8-node elements have compatible displacement shapes and are well suited to model curved
boundaries. The 8-node element is defined by eight nodes having two degrees of freedom at each node:
translations in the nodal x and y directions. The element has plasticity, creep, swelling, stresses
stiffening, large deflection, and large strain capabilities which are required for contact analysis that are

non-linear in nature.

3.4.2 Contact Modeling

Due to the large stiffness difference in properties between the foam and the aluminum, the
intertaces between the two materials and the contact stresses resulting are generally highly nonlinear
and cause convergence problems [51]. ANSYS contact features were used to designate proper values
to the contact parameters to reduce the severity of the problem. Rigid-flexible contact scenarios were
used. The contact surfaces of the foam were designated with CONTA 174 elements and the contact
surface of the aluminum were designated with TARGET 170. During simulation, separation of the
foam from aluminum frequently occurred. Any loss of contact between the surfaces resulted in
simulation fatlure. ANSYS 'Automatic Adjustment’ option was used to deal with such problems. Using

this option instructed ANSYS to continuously monitor pending separation and ensure surface contact.

3.4.3 Loading and Convergence Conditions
A load representing the mid span loading was applied to the model. Because of the symmetry

along the length, only half of the beam was modeled with the appropriate symmetry displacement



boundary conditions imposed. Nodes at each end of the beam were constrained to simulate a simply
supported beam. The load was applied gradually using a short time step and a small load step to
facilitate convergence. A number of convergence-enhancement and recovery features, such as line
search, automatic load stepping, and bisection, were activated for some simulation cases where the

convergence was slow in order to help in reducing convergence problems.

3.4.4 Analysis

In order to determine the non- linearity of the model, both the geometric and material non-
linearities are considered. For material non- linearity, the large strain analysis option was used for
running the simulation. This option accounts for stiffness changes that result from changes in an
element’s shape and orientation. It places no theoretical limit on the total rotation or strain experienced
by the element. In order to account for the material non- linearity, automatic time stepping option was
used. This option responded to plasticity, by reducing the load step after a load step in which a plastic
strain increment greater than 15% was encountered. If too large a step was taken, the program will
bisect and resolve to use a smaller step size. The loads were applied using a shorter time step and small

load step to facilitate convergence.

3.5 Results and Discussions.

The Figure 3.15 showed the stress strain curves for the FE models of the foam structure with
the rectangular, cylindrical, and tapered insert geometries obtained from ANSYS respectively. The
figures show that for the different insert lengths the shape of the curves and the magnitudes coincide
with those obtained experimentally. Simulations showed that for the foam with longer inserts, contours
of higher stress were shown on the bottom end of the foam representing a foam fracture. For the foam
with the shorter insert, contours of higher compressive stresses were visible on the foam area
underneath the insert as well as tensile stress contours were visible on the inserts. Thus, the simulations
validated the different experimental mode of failure. The Table 3(c) documents the maximum fracture

load values for three inserts geometries obtained from the Figure 3.12.
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Figure 3.15: ANSYS stress strain curves for rectangular, cylindrical
and taper geometries
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Table 3(¢): Failure stress comparison between Experimental and FE results for foam with different

insert configurations

[nsert length (mm) Failure Stress (M Pa) Difference
Experimental FE %
100 0.35 0.34 2.8

Rectangular 75 0.33 0.32 3

50 0.31 0.3 3.1
100 0.34 0.33 29
Cylindrical 75 0.32 0.31 3.1
50 0.29 0.3 3.4
100 0.38 0.37 2.6
Taper 75 0.35 0.34 2.8
50 0.33 0.32 3.0

The tabulated results show very good agreement with the loads leading to failure obtained
experimentally. The maximum difference between the FE model results and the experimental ones is
less than 4%, and provides a high level of confidence in the FE model approach developed. [45] has
asserted that FE analysis can be used to reliably model the non-linear behavior of foam structures. In
this work it is shown that FE can be also used reliably to model the highly non-linear behavior of the

rigid-flexible interface between the foam and non-foam materials.

3.6 Effect of Changes in the Geometry on the Results

To study the eftect of different specimen span length on the experimental and FE results,
additional models were created in ANSYS. In the first foam model. the length ot the original foam
beam was reduced by 50 mm and in the second model, the height of the original foam beam was
reduced by 20 mm. The dimensions of the new models were as follows: 350 mm x 120 mm x 50 mm
and 400 mm x 120 mmx=30 mm. The analyses were carried out for each of the insert length (100 mm,

75 mm, 50 mm) ot the rectangular, cylindrical and taper geometries. The tlexural stresses versus
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strains were calculated for all cases and were plotted as shown in Figures (3.16, 3.17). It was found
out from the FE analysis that for the reduced length model, the maximum fracture stress values were
increased for all insert lengths as compared to the original model where as for the reduced height
model, the fracture stresses were reduced as compared to the original model. This shows that the
reduction in specimen length increases resistance to deformation of the foam structure and results in
higher stress values, whereas the reduction in height of the foam beam causes the specimen to fail at
lower stress as compared to the original model. Furthermore, for all the cases, taper inserts showed the
higher values of failure stresses as compared to rectangular and cylindrical inserts. The Table 3(d)
shows the comparison of results between the original model and the reduced span length and reduced

height models.

Table 3(d): Comparison between the fracture load results from FE with different specimen dimensions.

Specimen dimensions Geometry Failure Stress (MPa)

LxWxH (mm’) 100 mm 75 mm 50 mm

Rectangular 0.34 0.32 0.3

400 x 120 x 50 Cylindrical 0.32 0.31 0.28

(original) Taper 0.37 0.34 0.32

Rectangular 0.37 0.35 0.32

350 x 120 x 50 Cylindrical 0.35 0.33 0.3

Taper 0.4 0.36 0.33

Rectangular 0.32 0.3 0.28

400 x 120 x 30 Cylindrical 0.29 0.27 0.25

Taper 0.34 0.32 0.3
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Figure 3.16: ANSYS stress strain curves for reduced span length
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Figure 3.17: ANSYS stress strain curves for reduced height model

4.



3.7 Summary

The modulus of elasticity and adhesion properties ot foam structures in the form ot slabs with
inserts were studied under the flexural loading. Rectangular, cylindrical, and the wedge (tapered)
inserts with different lengths were used. Experimental results were obtained and the load-deflection
curves were plotted for the different combinations. The results showed that the stiffness, adhesion
properties, and mode of failure were dependent on the insert embedded length. In general, longer
inserts lead to higher elastic moduli. Two modes of failure were observed. For the cases of the long
inserts, foam fracture was observed, while for the short inserts, de-bonding between the foam and
metallic inserts occurred. Taper inserts had better load bearing properties. The study also showed the
validity of the FE modeling approach used to simulate the interaction between the flexible foam slab

and the rigid insert. This is of prime importance; as such a modeling technique can be used for the

design of foam sandwich structures with inserts, which will be discussed in Chapter 4.



CHAPTER 4

DESIGN, FABRICATION AND TESTING OF
SANDWICH COMPOSITE WITH INSERTS *

4.1 Introduction

This chapter focuses on characterizing the sandwich composite and metal interactions in the
form of metal inserts in the composite structure. Previous research conducted focused primarily on
various properties of sandwich composite using standard testing techniques such as shear,
compression, fatigue and flexure, but not extensively on the adhesive properties of the sandwich metal
joints. Therefore this chapter presents an effective approach for introducing metal inserts for joining
the sandwich composite structures together and provides anchor points. To that end, Polyurethane (PU)
was foamed to partially engulf metallic inserts of ditterent shapes and sizes to study their effect on the
adhesive properties. Once cured, flexure tests were conducted by supporting the structure through the
inserts and loading the sandwich composite. The effects of adhesive properties on embedded length

and shape for these composites were studied and the failure modes analyzed.

4.2 Experimental Set-up

4.2.1 Fabrication of Sandwich Composite with Inserts

In this study, the sandwich composites were manufactured by using a closed cell polyurethane
foam as a core. Close cell, PU with a density of 25 kg/m’, and threefold expansion capabilities were
used. Layers of | mm thick plain weave S2-glass tiber matts with [ 0/90/£45], orientation was used.
Foaming was carried out inside a rectangular mold with proper provision to attach the inserts. Both
mold and inserts were made of aluminum, and the mold was treated with an effective mold release

compound with the help of a brush. Two fiberglass matts were aftixed inside the mold before foaming.

* Reproduced from: Ahmed, A, Fahim, A and Naguib, H., July 2008, * Load Bearing Properties of Three
Component Polymer Composite, Journal of Polymer Composites, Published online, March 2010,
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When foaming occurs, the matts were impregnated with the polyurethane to form the sandwich
composite. After foaming, the specimen was left in the mold for approximately 24-48 hours to ensure
dimensional stability during curing. The dimensions of the sandwich beams produced in all cases are
300 mm x 120 mm x 52 mm. Experimentally determined flexural modulus of the polyurethane core
is found to be E, = 4.5 MPa, and the manufacturer’s given glass fiber modulus is £,=21GPa. The
dimensions of the aluminum inserts are the same as given in the Table 3(a). The test specimen with

rectangular and cylindrical inserts are shown in the Figure 4.1.

;Aluminum inserts

Fibers

Figure 4.1: Sandwich composite with rectangular and cylindrical inserts.

4.2.2 Flexural Tests

Flexure tests on the sandwich composite were conducted in accordance with the relevant
standard, the ASTM C393 (core shear properties) which outlines the bending procedure for sandwich
constructions. Tests were conducted using an Instron 4482 machine with a 100 KN load cell. The load
was applied at the center of the sandwich beam while being supported by the appropriate attachments
screwed to the imbedded insert rested at both ends as shown schematically in the Figure 4.2. A span
length of 400mm was used. All the tests were conducted at a rate of 5 mm/min, and the load deflection
points calculated using a PC. A total of five tests per insert length was conducted as per the ASTM

standard. Average data from the tests was used to plot the stress strain curves. After the final failure,
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the maximum load was recorded and photographs were taken to document the tinal state of each
specimen. In order to avoid crushing of the sandwich composite structure underneath the point of

application of the load, the load was applied along the whole width of the sandwich structure.

f

= ——— ‘1”“‘“

< 300mm )i 100mm lf——

Figure 4.2: Bending set-up for the sandwich composite

For sandwich beams, the bending stress o, , in the face sheets [25]:

ME c+f

op = B (4.1)
D=E bf3+E bfsz+E be’ (4.2)
e T 2 “12 '

Where M is the bending moment, D is the tlexural stiffness of facing, f'is thickness of the facing, ¢ is

the core thickness, 4 is the width of the beam, and s is the distance between the centers of two faces.

The shear stress in core, 7, is given by [25]:

4 fs c’
=— Eah L 43
T, D(Ef 3 +E, 8) (4.3)
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Where V' is the shear load, £, and £, are the flexural moduli of facing and core.

The axial strain £, in the facing is given by [57]:

M

E. = ’
CE B (4.4)

Where M is the bending moment, /, and /, are the moments of inertia of the core and the facing, and

v is the distance from the centroidal axis of the sandwich structure to the facing axis.

The shear strain y . in the core is given by [57]:

o
Gcbc

Ve (4.5)

Where G, is the shear modulus of core.

4.3 Results and Discussion

4.3.1 Rectangular Inserts
Results obtained from the flexure tests with inserts that are rectangular, cylindrical, and the
wedge (taper) in shape, and with lengths of 100 mm, 75 mm and 50 mm are presented below:
Experimental flexure test results of the sandwich composite with three different lengths of the

rectangular inserts are presented in the Table 4(a).
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Table 4(a): Fiber stress comparison between the experimental and FE results for the sandwich

composite with different insert contigurations.

Insert length (mm) Fiber Stress (M Pa) Ditference

Experimental FEA %o

100 1.82 1.8 1.1

Rectangular 75 1.67 1.64 1.7
50 1.53 1.51 1.3

100 1.61 1.65 2.4

Cylindrical 75 1.53 1.56 -2
50 1.49 1.46 2

100 2.01 1.98 1.5

Taper 75 1.83 1.8 1.6

50 1.72 1.76 -2.3

Results from the bending test for the rectangular inserts with 100 mm, 75 mm and 50 mm
length showed that the adhesion failure occurred in the foam core only. No failure in the facing was
observed. Since the flexural modulus of the glass fiber facing was very high and its thickness very
small as compared to the PU core, therefore the linear stress and strain variation through the facing
thickness were documented with the neutral axis through the centroid of the cross section, similar to
that reported in [27]. Typical sandwich composite facing stress and strain were calculated based on
the Equations (4.1-2, 4.4) and plotted as shown in the Figure 4.3. The typical non-linear shear stress
and strains were plotted for a sandwich composite structure with rectangular inserts and are shown in
the Figure 4.4. The only acceptable mode of failure is the foam core shear as per the relevant test
method ASTM C393. hence the facing stresses were calculated only as the reference values until

maximum applied loads and did not represent the ultimate strength.
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Figure 4.3: Axial stress strain curves for sandwich with rectangular inserts
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Figure 4.4: Shear stress strain for sandwich with rectangular inserts.
Since the sandwich core was in shear due to the flexural loading, adhesion failure occurred
between the foam core and the insert resulting in the slip of the insert from the sandwich composite

structure. This failure was also due to the core lower stiffness as compared to the fiber glass facing.

It was also noted that the length of the insert is directly related to the failure load of the sandwich
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composite structure. Typical shear stress strain values were calculated and are shown in the Figure 4.4.
Shear (stretching loads) at the bottom surface of the rectangular insert due to its distance from the
neutral axis and coupled with the higher stress concentration effect at the innermost corner of the
rectangular insert initiated de-bonding failure. No failure in the facing was observed in any of the tests.
This indicates that the bond between the impregnated fiber facings and the polymer core was sufficient

for the application. The Figure 4.5 shows rectangular insert failure in the sandwich composite.

Adhesion failure

Figure 4.5: Adhesion failure for a rectangular insert.

4.3.2 Cylindrical Inserts

The second run of tests was conducted on the sandwich composite with the cylindrical inserts

Facing stress (MPa)

—a— Exp-100mm cylindrical
—a— EXp-75mm cylindrical
—e— Exp-50mm cylindrical

0 0.002 0.004 0.006
Axial strain

Figure 4.6: Axial stress strain curves for cylindrical inserts

-50-



and the same three different lengths (100 mm, 75 mm, 50 mm). No tensile or compressive failure
occurred in the fiber facings and the structural integrity of the sandwich structure was preserved. The
facing stress strain curves obtained from these tests are shown in the Figure 4.6. For the sandwich core,
de-bonding and slippage occurred between the sandwich core and the insert. Representative shear
stress strain curves are shown in the Figure 4.7. Again here, a direct relationship between the length
of'the insert and the load to failure was observed. Since the load-bearing area of the cylindrical inserts
is smaller than that of the rectangular inserts, the load magnitudes that resulted in de-bonding failure

are smaller than those for the rectangular inserts. The Figure 4.8 shows cylindrical insert failure in the

sandwich core.

—a— EXP-100mm cylindrical
—a— EXP-75mm cylindrical
—e— EXP-50mm cylindrical

Shear stress (MPa
o
w

0 0.02 0.04 0.06 0.08
Shear strain

Figure 4.7: Shear stress strain for sandwich with cylindrical inserts

adhesion failure

Figure 4.8: Adhesion failure in the sandwich composite
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4.3.3 Taper Inserts

Experimental results of the sandwich composite with the three different lengths of taper inserts
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Figure 4.9: Facing stress strain for sandwich with taper inserts
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Figure 4.10: Shear stress strain curves for taper inserts in sandwich

were obtained. Again here, the integrity of the structure was preserved. Facing stress-strain traces
obtained from these tests are shown in the Figure 4.9. Again, for the case of taper inserts, a direct

relationship between the length of the insert and the load to failure was observed. The failure was again

-52-



due to the de-bonding between the core and insert. Typical shear stress strain curves tor the sandwich
cores are shown in the Figure 4.10. Furthermore, the failure stress values for the case of taper inserts
were higher than those for the rectangular and the cylindrical geometries. This can be explained by the
fact that the force at the tip of the wedge is very small due to its proximity to the neutral axis, and
hence the effect of the stress concentration at the tip did not promote early de-bonding failure as in the

case of the rectangular insert. The Table 4(b) shows comparison for difterent results.

Table 4(b): Shear stress comparison between the experimental and FE results for sandwich structure

with different insert configurations.

Shear Stress (M Pa) Difference

Insert length (mm) Experimental FE %
100 0.49 0.48 2.0

Rectangular 75 0.45 0.44 2.2
50 0.42 0.41 2.3

100 0.46 0.45 2.1
Cylindrical 75 0.43 0.44 2.3
50 0.4 0.41 2.5

100 0.52 0.51 1.9

Taper 75 0.48 0.47 2.0
50 0.44 0.43 2.2

4.4 Stiffness Modeling of Sandwich Composite

In order to investigate the etfect of the failure length on the stiffness of sandwich composite,
amodel was studied based on the laminate arrangement [49-50]. In the investigated model, a cross ply
laminate was subjected to axial force to predict failure and reduction in stiftness in the layer. In this
model, since the stiffness of the longitudinal 0° layers was greater as compared to the transverse 90°

layer, therefore the failure occurs in the transverse layer. As shown above experimentally, if the



sandwich composite with inserts is subjected to the bending loads, the weaker core fails in shear while
the stiffer facing material remains intact. This indicates that in the studied model and the current
experimental model, fracture occurs in the layer which has less resistance to deformation or lower
stiffness. For the experimental model, the foam core represents the weak layer whereas the transverse
layer of the studied model represented the weak layer.

In most cases, failure in the laminate is initiated in the layer with the highest stress
perpendicular to the fibers. Failure initiation takes the form of distributed micro cracks which coalesce
into macro cracks. This cracking results in the stiftness reduction of the ply as well as the laminate
eventually causing failure of laminate.

An analytical method has been presented in [50] for predicting the stiffness degradation as a
function of damage. In the method, solution for stress distribution, crack size and reduced stiftness for
damaged layers and the entire laminate was expressed as a function of applied load stresses on the
layers, properties of layers and residual stresses. The reduced axial modulus of a cross ply laminate

in terms of modulus reduction ratio [50].

—_— —_— -1
! 9)
X 2E,h, an ﬂ+g_l_ﬂ( i al) (4.6)

Where £ , E'y are the initial and reduced moduli of the laminate, / is the crack length, and o,,0,

are the tensile and residual stresses of the cross ply laminate.

The factor & is given by:

2 _ 3(h + /%)E—\ y GG,
hhEE, hG,; +hG,
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Where 4 ,, &, are the heights for the longitudinal and transverse layers. and G |, , G ,; are the in plane

and out of plane shear moduli of the laminate.



Figure 4.11: Estimation of stiffness reduction for sandwich

In order to establish an analogy between the failure mechanism of the experimental sandwich
composites as shown in the Figure 4.11., and the laminate, the longitudinal layers of laminate were
modeled as the facings of the sandwich structure and a transverse layer was considered as the sandwich

core. As the foam core is considered to be isotropic, therefore: £,= FE,= Eand G,,=G,;=G.

Rewriting the Equations 4.6 and 4.7 for the sandwich composite in terms of £ and G, the

modified factor a is given as:

o= \F(l’ﬁ +h22_E:x G (4.8)
hhE (h +h)

Based on the core shear failure, the modified equation for the reduced modulus of the sandwich

composite in terms of the modulus reduction ratio:

|
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The Equations 4.8 and 4.9 were used to calculate the reduced modulus of the sandwich
composite with inserts. Th experimental data for flexural and shear modulus were used. Insert failure
length / was calculated from a sliced experimental fractured sample. It was observed as the damage
of structure progressed, the stiffness of the sandwich core as well as that of the entire sandwich
composite structure was reduced. Curves were plotted for the sandwich composites with rectangular,
cylindrical and taper inserts. Typical trend curves for all the geometries are shown in the Figure 4.12.
All curves predict progressive sandwich stiffness reduction as a function of the crack length. The trend

of plotted curves shows better agreement with reference [50] where the plot was shown for the cross

ply laminates.

_~ Taper
—~

_,/ __-Rectangular
Tk Cylindrical

Reduced Modulus
o
»

20 40 60 80
Failure length (mm)

Figure 4.12: Stiffness reduction as a function of failure length

4.5 Finite Element Analysis of the Sandwich Composite

Sandwich models matching the experimental specimen were developed in ANSYS 11. One
element is used to model each layer, i.e., 3 layers through the thickness. Because of the symmetry
along the length, only half of the beam was modeled with appropriate boundary conditions imposed.
An eight-node plane 82 element was selected due to its proven better results for sandwich composite
modeling [43]. Plane 82 is a higher order 2D element. It provides more accurate results for mixed
(quadrilateral-triangular) automatic meshes and can tolerate irregular shapes easily. The 8-node

elements have compatible displacement shapes and are well suited to model curved boundaries. The

-56-



8-node element is defined by eight nodes having two degrees of freedom at each node, translations in
the nodal x and y directions. This clement also has options for the plane stress and plane strain
conditions. Due to these options, the 2D element practically behaves as a 3D element, because it takes
into account the third dimension and eventually calculates all the nodal element stresses and
displacements of a 3D model with much geometrically simpler model and fewer boundary conditions.
For the current model, the plane strain condition was used.

Modulus properties of the PU were obtained from the experimental results and are shown in
the Table 3(b). For the fiber glass, manufacturers’ provided properties were used. Finally for the
aluminum, standard documented properties were used. Rigid flexible contact scenarios between the
metal inserts and a sandwich foam core were used. Contact between the metal and foam was modeled
by the compatible elements (TARGET 169 and CONTACT 172). Since the sandwich model involved
three different materials, glass fiber, aluminum and PU, therefore both geometric and material non-
linearities were considered. For geometric non-linearity, which was based on the concept that if a
structure experiences large deformation, its changing geometric configuration can cause the structure
to respond non-linearly. For this non-linearity, the large strain analysis option was used for running
the simulation. This option accounts for stiffness changes that result from changes in an element’s
shape and orientation. It places no theoretical limit on the total rotation or strain experienced by the
element. In order to account for the material non-linearity, the automatic time stepping option was
used. This option responds to plasticity by reducing the load step after a load step in which a larger
plastic strain increment was encountered. If too large a step was taken, the program will bisect and
resolve to use a smaller step size.

To observe the failure pattern of inserts of rectangular, cylindrical and taper geometries inside

the sandwich composite, simulations were run in ANSYS. Facing bending stress a,, and the foam core

shear stress 7., were plotted with respect to the relevant axial strain £ . and shear strain y,,. The Figure

4.13 shows ANSYS facing stresses for sandwich composite whereas the shear stresses graphs trom
ANSYS are shown in the Figure 4.14. The tigures exhibit that for different insert lengths, shape of the
ANSYS stress -strain curves and the magnitude coincided with those obtained experimentally. Taper
inserts showed the highest failure stress value as compared to rectangular and cylindrical inserts, a

trend that is similar to the experimental results.

-57-



1.5 -

—o— ANSYS-100mm rectangular
—u— ANSYS-75mm rectangular
---a--- ANSYS- 50mm rectangular

Facing stress (MPa)

15 -

—0— ANSYS- 100mm cylindrical
—a— ANSYS-75mm cylindrical
---A-- - ANSYS-50mm cylindrical

Facing stress (MPa)

25 .
g 2
= /‘
15 L
g o %
% 1 | /5/
o ‘ E ——g— ANSYS-100mm taper
£ : 'y o ANSYS-75mm taper
) 0.5 / . -+~ A+ - ANSYS-50mm taper
w 1/
_Ha
0w"
0 0.2 0.4 0.6 0.8

Axial Strain

ﬁgme413:ANSYSJ%CMgsnmmsuMncuwesmraugamndﬁes

-58-



0.6

0.5

0.4 -

0.2

Shear stress (MPa)
o
w

0.1 -

,A" —0—ANSYS-100mm rectangular
’ —a&—ANSYS-75mm rectangular
---4A--- ANSYS-50mm rectangular

05
|
04 -

0.3

0.2

Shear stress (MPa)

0.1

—0— ANSYS-100mm cylindrical
—a— ANSYS-75mm cylindrical
—na— ANSYS-50mm cylindrical

Shear stress (MPa)
o
w

—0— ANSYS-100mm taper
—a— ANSYS-75mm taper
---A--- ANSYS-50mm taper

L — T T 1

0.02 0.04 0.06 0.08

Shear Strain

Figure 4.14: ANSYS-Shear stress strain curves for all geometries
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4.6 Summary

Adhesion properties of inserts in sandwich composites were studied under flexural loading.
Rectangular, cylindrical and (wedge) taper inserts with different lengths were used. Experimental
results were obtained and stress-strain curves were plotted for the different combinations. The results
showed that the failure stress and the adhesion properties were dependent on the insert embedded
length. Failure model to estimate sandwich stiffness was presented. It was shown that the mathematical
relations for cross ply laminate failure under an axial load can be used for the sandwich composite with
proper assumptions. Results show the reduction in stitfness as a function of failure length. The study
also showed the validity of the FE modeling approach used to simulate the interaction between the
flexible sandwich and rigid insert. This is of prime importance, as such a modeling technique can be
used for the design ot sandwich composite. A novel design of a leaf insert inside foam and sandwich

composite will be discussed in Chapter 5.
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CHAPTERS

DESIGN, FABRICATION AND TESTING OF
FOAM AND SANDWICH COMPOSITE WITH LEAF INSERTS’

S.1 Introduction

The present chapter focuses on developing an effective approach for introducing leaf inserts
(modified design of taper inserts) for joining and providing anchor points for the foam structures and
sandwich composites. To that end, Polyurethane (PU) was foamed to partially engulf metallic leaf

inserts of different length in order to study their eftect on strength and load carrying capacity.

5.2 Leaf Insert Design and Fabrication

The results in the previous two chapters showed that the taper inserts performed consistently
better than the other geometries. Therefore leaf inserts were designed and manufactured. Leaf inserts
(modified taper inserts) were manufactured by providing a gradual taper to the shape that ends in as

small a thickness as practically possible as shown in the Figure 5.1. Foam structures and

/

Figure 5.1: Schematic showing the taper and leaf inserts of dimensions:
h=9 - 0.5mm, [=100mm, 735mm, 30mm,w = 50mm.

7 Reproduced from: Ahmed, A, Fahim, A and Naguib, H., © Design of New Hybrid Composites Using Metal
Embedded in Polymer Foam and Foam Composite. Journal of Composite Materials, Volume 43,No.15 July 2009.
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foam/fiberglass-clad sandwich composite structures with both tapered and leaf inserts were
manufactured for testing purpose. Both types of structures were manufactured from the polyurethane
foam with density of 25 kg/m’, and threefold expansion capabilities. Foaming was carried out inside
a rectangular mold with proper provision to attach the inserts. Both the mold and inserts were made
of aluminum, however, the mold was treated with an effective mold release compound. In the case of
the foam/fiberglass clad sandwich structures, two rectangular fiberglass matts with an approximate
thickness of 1 mm were affixed inside the mold before foaming. When foaming occurs, the matts are
impregnated with the polyurethane polymer to form the composite cladding. After foaming, the
specimen was left in the mold for approximately 24-48 hours to ensure dimensional stability during
curing. The dimensions of the sandwich composite structures manufactured in all cases are 300 mm

x 120 mm x 52 mm as shown in the Figure 5.2.

Inserts

| Sandwich
Foam

Figure 5.2:Foam and sandwich composite with leaf inserts

Flexure tests on the foam structures were conducted in accordance with the ASTM D790 which
outlines the standard flexural testing procedure for plastics. Flexure tests on the foam/fiberglass clad
sandwich structures were conducted in accordance with the ASTM C393 which outlines the standard

bending testing procedure for sandwich composite. All the tests were conducted at room temperature
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on an Instron 4482. The load was applied through the testing machine cross head to the center of the
specimen while it was supported by two attachments screwed to the embedded inserts. A slow cross
head speed of 5 mm/min was used for all the tests and the load-deflection data were recorded using
the Instron data logger. After the final failure, the maximum load was recorded and photographs were
taken to document the final state of each specimen. Total of five tests per insert length were conducted

as per ASTM standard.

5.3 Results and Discussions

5.3.1 Failure of the Foam Structures with Taper and Leaf inserts

The Figure 5.3 shows the stress-strain plots obtained from the bending tests on the foam
structures with leaf inserts respectively. Data for the three lengths of inserts are presented in the
figures. The spread of the magnitude of the stress at selected strain values and the average of that stress

are indicated on the graphs. A smoothed curve is drawn to join the average stress values.
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Figure 5.3: Bending stress strain curves for foam with leaf inserts

The average stress strain curves of the Figures 3.10 and 5.3 are plotted in the Figure 5.4 so as

to compare the performance of the two insert shapes. The figure shows that for each length, the leaf
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inserts perform better than the corresponding taper insert. The Table 5(a) also shows that leaf inserts

have consistently higher failure stresses than taper inserts for comparable lengths. The surface areas

of the two inserts are very close, therefore the bonding strength for the two cases is close. However

the leaf insert tip tapers to a thin edge and is very close to the neutral axis of the slab where the stress

is negligible, and hence less prone to result in the initiation of a crack and to propagate if one exists.
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Figure 5.4: Bending stress strain curves for foams with leaf and taper inserts

Table 5(a): Compilation of the failure stresses for the different lengths of taper and leaf inserts

Insert length (mm) Failure Stress Difference
%
Experimental FE

100 0.38 0.37 2.6
Taper 75 0.35 0.34 2.8

50 0.33 0.32 3.1

100 0.43 0.42 2.3
Leaf 75 0.4 0.39 2.5

50 0.38 0.38 2.5
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Two modes of failure were observed during the tests. The first was observed for all the cases
of the 100 mm and 75 mm inserts for both the taper and the leaf inserts the failure, and was due to the
fracture of the foam slab. This is attributed to the fact that the strength of the bond between the foam
and the aluminum inserts is higher than the fracture stress of the foam beam. Examination of the nature
of the fracture revealed that the foam experience small plastic deformation and the nature of the
fracture is ductile. The crack was initiated at the tension side of the slab and propagated along the cross
section resulting in complete failure. The second mode of failure was observed in the case of the 50
mm taper and leaf inserts and was due to insert the pullout. This was primarily due to the low bonding
strength resulting from the short insert length. The bond strength in this case was less than the fracture

strength of the foam. The Figure 5.5 shows a photograph of this type of failure.

e

<@

R e

Adhesion failure

Figure 5.5: Adhesion failure of 50mm leaf insert

5.3.2 Failure of the Sandwich Composite with Taper and Leaf inserts

Results from the bending test results of leaf inserts with 100mm, 75mm and 50mm
inserts showed that the adhesion failure occurred in the foam core only. No failure in the facing was
observed. Since the flexural modulus of the glass fiber facing was very high and its thickness very
small as compared to the PU core, theretore linear stress and strain variation through the tacing
thickness were documented [27]. Typical sandwich composite facing stress and strain were calculated
and plotted as shown in the Figure 5.6. The values of the failure stresses for the tests are given in the

Table 5(b).
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Figure 5.6: Facing stress strain curves for leaf inserts
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Figure 5.7:Comparison between axial stresses for leaf and taper inserts

The average facing stress strain curves of the Figures 4.9 and 5.6 are plotted in the Figure 5.7
so as to compare the performance of the two insert shapes. The figure shows that for each length the
leaf inserts perform better than the corresponding taper insert. Since the sandwich core was in shear
due to flexural loading, adhesion failure occurred between the foam core and the insert resulting in the
slip of the insert from the sandwich composite. This failure was also due to core smaller

stiffness/strength than the fiber glass facing. It was also noted that the length of the insert is directly
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related to failure loads of the sandwich structure. Typical shear stress strain were calculated from the
Equations 4.1 and 4.2 for the sandwich composite with leaf inserts and are shown in the Figure 5.8.
It should be noted that the debonding of the inserts occurs at the root of the insert rather than at the tip
as it can be seen in the Figure 5.5. This can be explained by the fact that the tensile force at the tip of
the wedge is very small due to its proximity to the neutral axis, and hence the effect of the stress
concentration at the tip did not promote early debonding failure. It is also worth mentioning that the
integrity of the structure was preserved. No failure in the facings was observed in any of the tests, thus
indicating that the bond between the impregnated fiber facing clad and the foam is sufficient for the

application.
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Figure 5.8: Shear stress strain curves for sandwich with leaf inserts

The average shear stress strain curves of the Figures 4.10 and 5.8 are plotted in the Figure 5.9
so as to compare the performance of the two insert shapes. The figure shows that for each length the
leaf inserts perform better than the corresponding taper insert. The Table 5(a) also shows that leaf
inserts have consistently higher failure stresses than taper inserts for comparable lengths. The figure
shows that the stress carrying capacities of the leaf inserts for all lengths are consistently higher than
their tapered insert counterparts, and that longer inserts perform better than shorter ones. Unlike the

case of foam structures, only one mode of failure is observed here, namely debonding of the inserts.
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Figure 5.9:Comparison between shear stress for leaf and taper inserts in
sandwich specimen

Table 5(b) Fiber and core stress comparison for taper and leaf inserts inside the sandwich structure.

Insert length Fiber Stress Difference Shear Stress Difference
shape | (mm) Exp FEA % Exp FEA %
100 2.01 2.14 2 0.52 0.51 1.9
Taper 75 1.83 1.85 -1.1 0.48 0.47 2.08
50 1.72 1.76 23 0.44 0.43 22
100 2.53 2.5 1.1 0.59 0.60 -1.6
Leaf 75 2.39 2.44 2.1 0.55 0.56 -1.81
50 2.13 2.17 -1.8 0.5 0.49 2
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5.4 Analytical Study of the Two Modes of Failure

5.4.1 Fracture Analysis of the Foam Slabs

There are two approaches to the structural design and material selection. One is the traditional
approach which is based on the strength of material as compared to the applied stress and the second
approach is the fracture mechanics [52]. Two alternative approaches to fracture analysis are in open
literature: the energy criterion and the stress intensity approach. The energy approach states that crack
extension ( fracture ) occurs when the energy available for crack growth is sufficient. to overcome the
resistance of the material whereas calculation of fracture toughness using stress intensity factor is
stated in the latter method. The stress intensity approach based on the Linear Elastic Fracture
Mechanics (LEFM) is considered for calculating the fracture toughness of the foam beam under
consideration. Most of the available literature on polymer foams use LEFM for calculation of fracture
toughness. LEFM is also applicable for cases of moderate plastic deformation in the polymer foams
leading to failure [52] The characteristic parameters for LEFM are: applied stress, flaw size, and the
fracture toughness. It should be noted that only the foam beam with the long inserts failed due to

fracture of the specimen.

Applied stress D — Yield or tensile stress

a)

Applied stress

/ ™

Flaw sivze <> Fracture toughness

b)

Figure 5.10: Comparison of tracture mechanics and traditional approach
a) Strength of material approach b) Fracture mechanics approach
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A single notched foam beam model with a crack length @ and a span S is considered as shown
in the Figure 5.11. The dimension of the beam used in the analysis matches the experimental samples.

Mode-1 loading condition, where the load is normal to the crack plane and tends to further open the

3 =

o

Figure 5.11: Single notched foam beam model

crack, is considered. Mode-1 occurs in the case of the foam slab in bending on the tension side as
experienced in the tests conducted. A polar co-ordinate system for describing the stresses in the
vicinity of the cracks is shown in the Figure 5.12. Consider an element at coordinates » and & from
the crack leading edge (tip) and in the plane X-Y which is normal to the crack plane aligned with the
z-axis. For loading, Mode-1 or tensile mode was studied. It is also known as the opening mode and
consists of crack surfaces moving apart. In the case of the foam beam, the crack appeared on the part
of the beam where it was under a tensile load, therefore mode-1 was considered. Fora Mode-1 loading
the normal and shear stresses at the element near the crack tip are functions of the coordinates of the

element and are expressed as follows [52,53].
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Crack

Figure 5.12: Orientation of coordinate axis ahead of crack tip

K
o, = \/ﬁ Cos(g—j(l + sin % sin(%g)) (5.1)

Ki Cos(gj(l —sin g sin(gg)) (5.2)

T., = K, cos(gj sin(g) cos(ié—’) 5.3

Where 0.0, . T, are normal, shear stresses, and singular field along the crack tip is obtained by

substituting @ = 0 in Equations 5.1 t0 5.3 and results in:
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7, =0 (5.5)

Equation 5.5 shows that at # = 0 the element has no shear stress component, indicating that it
is aligned with the principal axis. The stress components in the Equation 5.4 can be seen to approach
infinity as » approaches zero, that is to say as the element approaches the crack tip. At the crack tip,
r = 0, a mathematical singularity would occur and no value of stress at the crack tip can be inferred
from Equation 5.4. The stress intensity factor defines the amplitude of the crack tip singularity. That
is, stresses near the crack tip increase in proportion to K. Moreover, the stress intensity factor
completely defines the crack tip condition; if K is known, it is possible to solve for all components of
stress, strain and displacement as a function of r and 6. This single parameter of crack tip condition
turns out to be most important concept in fracture mechanics.

In the above equations K, is the stress concentration factor, and provides a measure of the severity of

the crack.X is give by [52] as follows:

K, =lim, , (o\27r) (5.6)
or in another form as:
Ki = /(o m) (5.7)

Where fis a dimension less quantity that depends on the geometry, the loading configuration, and on
the ratio of the crack length to other dimensions such as width. In general. f depends on the stress a.
Since the specimens used for the experimental work, were in the form of slabs, it is more appropriate
to calculate the stress concentration factor in terms of applied load for rectangular geometries [53] as

follows:

K, (5.8)

__P e
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In the Equation 5.8, P is the force, W is the width of the specimen, and B is the specimen
thickness. For the critical load P. K, = K, and represents the fracture toughness of the rectangular foam
slab {14] given in MPavm. The trace may be non-linear for a variety of reasons; for example due to
excessive plasticity occurring at the crack tip, due to inelastic or plastic deformations occurring in the
bulk of the specimen, or due to slow crack growth prior to the maximum load being attained. The latter
example will obviously also give rise to problems in defining the exact value of the load, P, for crack
initiation. This is because if slow crack growth occurs before the maximum load is attained, a value
of the critical stress-intensity factor for crack initiation based upon the maximum load will be an
overestimation of the toughness of the material. These problems may be overcome, at least to a good
approximation, by the following the arbitrary rule; The critical load is calculated based on the standard
5% offset method which outlines the fracture toughness calculations for plastics [24]. In this method,
a line is constructed from the origin at a 95% slope of the initial linear slope of a load deflection curve

as shown in the Figure 5.13.

Pmax

P=P, e |— — —

critical

Load

»

Detlection

Figure 5.13: Estimation of critical stress



The value of f{a/W) for a single notched beam is given in [52] as:

35 /i 2

a w\w a a a a

a - 1.99- = (1-2)32.15-3.93| — |+2.7| - .

f[W] 2(1+2a)(1a)2{ w W){ (Wj+ (WJ H(59)
w)C w

The fracture toughness calculated using Equation 5.9 for the critical load obtained from the

load deflection curve of the foam slab with 100 mm leaf insert test data and varying a/W is shown in
Figure 5.13. The plot in the figure has the same trend as that reported in [14]. Furthermore it shows
that the fracture toughness is constant up to /W = 0.07 and then decreases beyond that point. At
a/W=0.5, K, is calculated from the experimental data to be 0.27 MPavm. This value compares well
with that given in [14] for the same material and &/ = 0.5. An edge notched beam model matching
the experimental specimen and with &/ = 0.5 was developed in ANSYS and subjected to the three
point bend loading. The maximum fracture stress of the model was found to be 0.21 MPa. For that
stress the fracture toughness was found to be 0.26 as compared to 0.27 found experimentally and 0.3
given in [14]. This study shows that the ability of a foam to resist fracture reduces as the crack size

increases.
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Figure 5.14: Fracture toughness as a function of crack length
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5.4.2 Insert Pull-Out Analysis

Failure of foam structures with short inserts and sandwich composite structures with all lengths
of inserts tested was due to insert pull-out. This failure occurs when the tensile stress caused by the
bending of the specimen exceeds the bond strength between the foam and the insert. Pull-out tests were
conducted on an Instron tester 4482 to measure the bond strength between the foam and the insert
material. A rectangular insert with an embedded area of 0.01225 m’ required a force of 260 N to be
pulled out of the foam, resulting in an adhesion stress of 0.021 MPa. An insert pull-out will ensue
when the condition where the pull-out stress equal to adhesion stress is satisfied.

With reference to the Figure 5.15, at any point on the surface of the insert the bending stress
is given by:

(5.10)

O-pzt//—uul =

P~

Where c¢ is the distance of the point on the surface of the insert from the neutral axis of the structure,

I is the moment of inertia of the structure, and M is the bending moment.

x=0, 0 = max

Figure 5.15: Distribution of stresses for taper insert inside sandwich
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The integral of g, over the surface area of the insert results in the pull-out force ., on the
insert. The adhesion force between the foam and the insert material is the product of the

experimentally obtained o, and the area of the insert. The Table 5 (¢) presents the comparison

whesion

obtained using the experimental results on the different inserts and the product of

oull-out

between F,
Onesen @nd the imbedded surface area of the insert, F, .. The table shows very good agreement

between the prediction, F| and the experimental results, £, . This indicates that the proposed

whesions

analysis can be used reliably to predict the ensuing of pull-out, and hence failure.

Table 5(c): Comparison between predicted adhesion force and experimental pull-out force

[nsert length (mm) Adhesion force Pull-out force
(N) (N)
100 230 240
Taper 75 225 230
50 220 220
100 230 270
Leaf 75 225 255
50 220 245

5.5 Finite Element Analysis of the Test Specimen

Advances in computational features and software have brought the finite element method
within reach of both academic research and engineers in practice by means of a general-purpose
nonlinear tinite element analysis packages, with one of the most used nowadays being
ANSYS. The program ofters a wide range of options regarding element types, material behavior and
numerical solution controls, as well as graphic user intertaces (known as GUIs), auto-meshers, and
sophisticated postprocessor and graphics to speed the analyses [S0]. In this research, the structural
system modeling of polymer structure was carried out using ANSYS version 11. 2D finite foam and
sandwich beam models matching the experimental dimensions were developed in a commercial finite

element program, ANSYS version 11. The purpose of the exercise was to validate the FE modeling
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technique and use that later for the study of sandwich composite with inserts.

An eight-node element (PLANE 82) was selected due to its proven better results tor sandwich
composite modeling [44]. Plane 82 is a higher order 2-D element. It provides more accurate results
than other plane elements for mixed (quadrilateral-triangular) automatic meshes and can tolerate
irregular shapes easily. The 8-node elements have compatible displacement shapes and are well suited
to model curved boundaries. The 8-node element is defined by eight nodes having two degrees of
freedom at each node: translations in the nodal x and y directions. The element may be used as a plane
element or as an axis symmetric element. The element has plasticity, creep, swelling, stresses
stiffening, large deflection, and large strain capabilities which are required for contact analysis that are
non-linear in nature.

For the sandwich composite one element is used to model each layer, i.e., 3 layers through the
thickness. Because of the symmetry along the length, only half of the beam was modeled with
appropriate symmetry displacement boundary conditions imposed. Nodes at each end of the beam were
constrained to simulate a simple supported beam. Modulus properties of the PU were obtained from
the experimental results as shown in the Table 3(a). For the fiber glass, manufacturer provided
properties were used. Finally for the aluminum, standard documented properties were used. Both the
free and mapped meshing was used. Rigid- flexible contact scenarios were used. Contact between the
metal and foam was defined by the compatible elements (TARGET 169 and CONTACT 172).

In order to determine the non-linearity of model, both the geometric and material non-linearity
was considered. For geometric non-linearity, large strain analysis option was used for running the
simulation. This option accounts for stiffness changes that result from changes in an element’s shape
and orientation. It places no theoretical limit on the total rotation or strain experienced by the element.
In order to account for the material non-linearity, automatic time stepping option was used. This option
responded to plasticity, by reducing the load step after a load step in which a larger plastic strain
increment was encountered. [f too large a step was taken, the program will bisect and re-solve to use
a smaller step size. The loads were applied using a shorter time step and small load step to facilitate

convergence.
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5.5.1 Results and Discussions

To observe the failure pattern of inserts of taper and leat geometries inside the sandwich;
simulations were run in ANSYS. The Figure 5.15 shows the stress strain plots for the FE models of
the foam structures with the different length of leaf inserts. The plots show the same trends and general
values obtained experimentally for the corresponding cases. The failure stresses for the FEA models

are provided in the Table 5(b).
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Figure 5.16: Stress strain curves for foams with leaf inserts

The Figures 5.15 show the stress strain plots for the FE models of the foam structures with the
different length of the leaf inserts. The plots show the same trends and general values obtained
experimentally for the corresponding cases. The failure stresses for the FEA models are provided in
the Table 5(b). The table also shows the very good agreement between the experimental and FE
models failure stresses. The maximum deviation between the average experimental failure stress and

that of the corresponding FE model is 2%.

-78-



Facing Stress (MPa)

o
o R

—0— ANSYS-100mm leaf
—e— ANSYS-75mm leaf
—A— ANSYS-50mm leaf

T T N — 1

0.002 0.004 0.006 0.008
Axial Strain

Figure 5.17: Axial stress strain curves for sandwich with leaf inserts

Facing bending stress o,, and the foam core shear stress t,, were plotted with respect to the

relevant axial strain £, and shear strainv,,. The Figures 5.17 and 5.18 show the comparison of curves

for facing stresses and shear stresses for the sandwich with leaf inserts. The figures show that for

Shear stress (MPa)

—— ANSYS-100mm leafinserts
—o— ANSYS-756mm leafinserts
—A— ANSYS-50mm leafinserts

T

0.02 0.04 0.06 0.08
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Figure 5.18 :ANSYS-shear stress strain curves for sandwich with leaf

inserts

different insert lengths, shape of the ANSYS stress-strain curves and the magnitude coincide with

those obtained experimentally. Leaf inserts showed the highest failure stress values as compared to
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taper inserts, trend that is similar to experimental values. [t has been asserted in [44] that FE analysis
can be used to reliably model the non-linear behavior ot foams. In this work it is shown that FE can
also be used reliably to model the highly non-linear geometrical and material behavior of the rigid-

flexible interface between the foam and metal as well to study the failure analysis.

5.6 Summary

Adhesion properties of foam and sandwich composite with taper and leaf inserts were studied
under flexural loading. Inserts with different lengths were used. Both the experimental and FE results
were obtained and stress strain curves were plotted and compared. The results show that the failure
stress and the load carrying capacity were dependent on the insert geometry and embedded length. Two
modes of failure were observed. Foam fracture occurs when the adhesion force between the insert and
the specimen exceed the strength of the foam on the tension side, and the insert pull-out occurs when
pull-out force due to bending exceeds the adhesion force. Analytical treatments of these two modes
of failure were conducted, and the results compared well with the experimental ones.

The study show the validity of the FE modeling approach used to simulate the interaction
between the flexible foam and sandwich and the rigid insert as well as the analytical failure analysis
technique proposed. This is of prime importance, as such techniques can be used for the design of
polymer composite structures with metallic inserts. Chapter 6 shall compare the performance of the
proposed tapered inserts with those of the standard method of attachment known as the close-out for

foam and sandwich composites.

-80-



CHAPTER 6

ADHESION PROPERTIES OF FOAMS AND SANDWICH
COMPOSITE WITH CLOSE-OUT

6.1 Introduction

This chapter focuses on discussing the placement of close-outs on foam and sandwich
composite [55,56]. The close-out is the cap or finished part which covers the exposed edge of the core
material. The panel close-outs have several important functions. The first is to close the sandwich to
provide protection of the sandwich composite and facing edges from damage and prevent the facing
from being peeled off the core. The next are to offer a hard member at which the panel can be attached
to the structure or to another panel. Finally, it acts as a moisture and water seal for the panel edges.

Typical close-out arrangement is shown in Figure 6.1.

Sandwich Close-out

Figure 6.1: Sandwich composite with close-outs.

Close-outs are defined by the fabrication techniques as well as the end use. There are co-fab
and post fab close-outs. The co-fab ones are bonded directly into the sandwich when the facings are
bonded to the core, while the post-fab close-outs are put on after the panel is fabricated. In addition
special tooling and fixtures are often required to align the close-outs and maintain the desired
dimensional tolerances. For this reason subsequently assembled or post fab close-outs designs are most

commonly used in flat panels. Perhaps the most troublesome and potentially most critical part of the

Reproduced from: Ahmed, A, Fahim, A and Naguib, H., “A Study on the Anchoring Orientation of Foam and

Sandwich Composite with [nserts. Journal of Polymer Composites. Submitted 2010.
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sandwich composite is the proper fitting of part and close-out. Since it was reported in previous
chapters that the simulation results using ANSYS were in good agreement with the experiment results,
therefore this chapter is based on the simulations results of the foam and sandwich composite with
close-out and the foam sandwich with inserts. Because ot the symmetry, only half of the foam and

sandwiches close out models were simulated, with appropriate boundary conditions applied.

6.2 Failure of the Foam with Close-out and Inserts

h\

. N\
close-out < 100 PU Foam

Figure 6.2: Foam with close-out

The first type of simulation was run on the foam-close-out arrangement as shown in the
Figure 6.2. Close-outs were modeled in such a way that the contact area of the close-out plates was
equivalent to the respective contact area of the rectangular insert embedded in the foam and sandwich
composite structures. The length and height of the inner sides of the metallic close-outs which were
in contact with the foam, and sandwich composite structures are as follows: / = 50 mm, 75 mm and
100 mm, 42 =50 mm. Models were developed for each length, simulated, and compared with the foam
sandwich structure with inserts.

In the first case, results for simulations tor the foam-close out arrangement were compared with
the foam-50mm inserts of leaf, taper, rectangular and cylindrical geometries. Results were compared
and are shown in the Figure 6.3. It was observed that fracture stress values for all the foam composite
structures with inserts are higher than the fracture stress value for the one with close-out. Since the

placement ot upper and bottom plates ot the close-out were far from the neutral axis of the foam slabs,
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Figure 6.3: Foam-comparison between 50mm inserts and close-outs

therefore the shear stresses were higher on the interfaces between the structure and the close-out
The second simulation case was for a foam sandwich structure with close-out having a surface
arca matching that of the rectangular insert with 75 mm length. The flexural stress strain curves from
the simulation are shown in the Figure 6.4. It can be seen again that the fracture stresses for all the
foam sandwich structures with inserts are higher than those of the ones with close-out. The failure was
again attributed to the placement of the close-out plates with respect to beam the neutral axis, hence

prompting failure at the lower load.
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Figure 6.4: Foam-comparison between 75mm inserts and close-outs
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Finally, simulations were run on foam sandwich structures with close-out set-up matching the
surface area of 100 mm rectangular insert length. Flexural stress strain curves are shown in the Figure
6.5. It was seen that fracture stresses for all the foam-inserts arrangement were higher than the fracture
stress value for the foam-close-out set-up. Again, the placement of the close-out plates was not on the

neutral axis, therefore the close-out failed at a lower stress value.
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Figure 6.5: Foam-comparison between 100mm inserts and close-outs

6.3 Failure of the Sandwich Composite with Close-out and Inserts

Second types of simulation were run on the sandwich composite-close-out set-up as shown in
the Figure 6.6. For simulations, the surface area of the close-out in contact with the sandwich
composite structure was exactly the same as that of the imbedded rectangular insert. The analyses were

conducted for the 50 mm, 75 mm and 100 mm lengths and the results were compared as shown below.

+
52

A X
N\

glass fibers

close-out 100 ‘

Figure 6.6: Sandwich composite with close-outs
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Figure 6.7: Sandwich-comparison between S0mm inserts and close-outs

07
06 -
;_“? 05 -
= 04
B 03
< . —e— Sandwich-75mm leaf
o 02 . —&— Sandwich-75mm taper
, —a— Sandwich-75mm rectangular
01 —g— Sandwich-75mmcylindrical
0 Sandwich-75mm closeout
0 0.02 0.04 0.06 0.08
Strain

Figure 6.8: Sandwich-comparison between 75mm inserts and close-outs

In the first case, results of simulations for the sandwich structure with the close-out
were compared with those with 50 mm inserts of leaf, taper, rectangular and cylindrical geometries.
Results were compared and are shown in the Figure 6.7. The figure shows that the fracture stress
values for all the cases with inserts are higher than the value for the sandwich structure with close-out.
Since for the placement of close-out plates was not on the neutral axis, therefore the close-out failed
at a lower stress value.

In the second case, results of simulations for the sandwich structure with the close-out were
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compared with those of the 75 mm length leaf, taper, rectangular, and cylindrical inserts. The surface
areas for both the configurations were matched. Plots of the results are shown in the Figure 6.8. T he
figure shows that the fracture stresses for all the sandwich structures with inserts are higher than thgse
for the case of the close-out. This is again for the same reason where the close-out plates were far from

the neutral axis.

In the third case, results of simulations for the sandwich structure with the close-out were
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Figure 6.9: Sandwich-comparison between 100mm inserts and close-outs

compared with those for the 100 mm inserts of leaf, taper, rectangular and cylindrical geometries. The
surface areas of contact between the metal and the structure for all the cases were again matched. The
results are plotted in the Figure 6.9.

The plot show that the fracture stress values for all the cases with inserts are higher than those
for the close-out. The reason is again attributed to the distance between the close-out structure interface
from the neutral axis causing the arrangement to fail at a lower stress value. The salient results from
the plots in the Figures 6.3 to 6.9 are shown in the Table 6(a). All the results obtained so far from the
simulations show that placement of a metallic insert inside a foam sandwich composite structure as
means of anchoring is more favorable than the standard industrial practice of using close-out anchors.
The primary reason for that is attributed to the proximity of the interface surfaces of inserts to the
neutral axis when compared with the cases of close-outs. Furthermore, for the cases of inserts, five

sides are in etfect interface surfaces as compared to three sides for close-outs.
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Table 6(a): Comparison between foam-close out and sandwich close-out results

Type Insert Failure Stresses (MPa)
(mm) Leaf Taper | Rectangular | Cylindrical Close-out
50 0.38 0.33 0.31 0.29 0.26
Foam 75 0.4 0.35 0.33 0.32 0.28
100 0.43 0.38 0.35 0.34 0.29
50 0.59 0.55 0.49 0.43 0.39
Sandwich 75 0.63 0.59 0.52 0.47 0.41
100 0.69 0.64 0.56 0.49 0.45

6.4 Mapping of Foams and Sandwich Composite with Close-out Results

In the cases of inserts, inspection after the experiments were conducted showed that voids were
present on the interface surfaces. These voids reduce the bonding area when compared to that for the
case of close-outs, where the close-out interface surface is bonded to a consistent skin with no voids.
In order to investigate this difference, a foam specimen was sliced and a microscopic analysis of its
cell structure was carried out. The results showed that the average cell size is 250 micrometers and the
cell population density is 5.5x10* cells/cm’. Using these data, the void fraction in the area was
calculated. Using this void fraction, the theoretical area reduction factor was calculated as 0.33. In
order to use this reduction in an area factor to map the difference in stress values for the case of insert
and close-out with the foam and the sandwich composite, the flexural equation was used. For the foam

with close out, the bending equation is written below with subscript “1":

3P L,
o =—7
2bd,"

6.1)

Where P is the applied load, L is the span length, 4 is the width and d is the depth of the
specimen. Similarly. for the sandwich composite with close out, the flexural equation with subscript

2 is written below:
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3pL,

o, = 6.2
2 2byd2 (6-2)
Re-arranging the Equations 6.1 and 6.2 to relate o in term of o,
o, = hi4 o 6.3
1 P.A, 2 (6.3)

The value of failure stress for the sandwich structure with 100 mm close-out obtained from the
FE analysis was, o, = 0.45 MPa as shown before in the Table 6(a). Using this value of stress in the
Equation 6.3 and substituting the area reduction factor of 0.33, the failure stress value for the foam
with 100 mm close out was calculated and the value obtained was, o, = 0.31 MPa. This value was very
close to the FE failure stress value of 0.29 MPa for foam with 100 mm close out as shown before in
the Table 6(a). This validates the observation that voids caused the foam close-out structures to fail
at a lower stress value as compared to the sandwich close-out structures. Furthermore, this equation
can also be used to map the relationship between the stress values of foam and sandwich with close

out of different lengths as well as the stresses of the same structures with inserts.

6.5 Summary

Foam and sandwich composite structures with close-outs were modeled and simulated using
ANSYS and compared with those containing inserts. Rectangular, cylindrical, and taper (wedge)
inserts with different lengths were used. The results show that the foam and sandwich composite with
inserts have higher stress value as compared to same structure with close-outs. Finally mapping of the
failure stress using the area reduction factor for the foam and sandwich composite with inserts and
close-outs was investigated . It was reported that reduction in area of the foam was responsible for the

lower stress values as compared to the sandwich structure.
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CHAPTER 7

CONCLUSION AND RECOMMENDATIONS

The modulus of elasticity and adhesion properties of foam structures in the form of slabs with
inserts were studied under flexural loading. Rectangular, cylindrical, and the wedge (tapered) inserts
with ditferent lengths were used. Experimental results were obtained and the load-deflection curves
were plotted for the different combinations. The results showed that the stiffness, adhesion properties,
and mode of failure were dependent on the insert embedded length. In general, longer inserts lead to
higher moduli. Two modes of failure were observed. For the cases of long inserts, foam fracture tends
to occur, while for short inserts, de-bonding tends to occur. The study also showed the validity of the
FE modeling approach used to simulate the interaction between the flexible foam slab and the rigid

insert. This is of prime importance; as such a modeling technique can be used for the design of such

composite structures.

Furthermore, load-bearing properties of sandwich composites with inserts were studied under
flexural loading. Rectangular, cylindrical and (wedge) taper inserts with ditferent lengths were used.
Experimental results were obtained and stress-strain curves were plotted for the different
combinations. The results showed that the failure stress and the adhesion properties were dependent
on the insert embedded length. Stiffness model to estimate sandwich failure were presented. It was
observed that the mathematical relations for cross ply laminate failure under an axial load can be used
for the sandwich composite with proper assumptions. Results showed the reduction in stiffness as a
function of crack density. The study also showed the validity of the FE modeling approach used to
simulate the interaction between the flexible sandwich and rigid insert. This is of prime importance,
as such a modeling technique can be used for the design of sandwich composite structures.

Leafinserts were also introduced. Leafinserts showed better adhesion properties as compared
to other geometries. The study also showed the validity of the FE modeling approach used to simulate
the interaction between the tlexible sandwich and rigid insert. Fracture toughness of foam beam and
pull-out force for sandwich insert failure was also calculated.

Finally, adhesion properties of the polymer metal foam and composites with close-outs and
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different lengths were used. Simulation results were obtained and stress-strain curves were plotted for
the different combinations. The results showed that the sandwich composites with inserts have higher
failure stress values as compared to foams with inserts. Furthermore, it was also observed that foams
and the sandwich composites with inserts performed better in terms of failure stress values as
compared to foams, and the sandwich composite with close-outs. Finally, mapping of the failure stress
values for the foam and sandwich was done. It was reported that reduction in area of the foam was
responsible for lower stress values. _

For future study, effect of imbedded inserts on different densities of the polyurethane foams
can be considered. Also, the flexural testing of the polyurethane foams and the sandwich composite
under the four points bending will also be a good prospect. Furthermore, polyurethane and sandwich
composite properties can also be studied using inserts of different metals such as steel of various

grades, brass etc. to study the adhesion properties of different metals with foam based composite.
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