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ABSTRACT

Syntactic foams are composite materials synthesized by dispersing microballoons in a
polymerig ceramicor metallic matrix. In the pagshreedecades, ygtactic foams have gained
immense importance aslightweight anddamagetolerant materialwhen usedn foam-cored
sandwich structure8ecause of the structurlngth scale damages by low velocity impact such
as tool drops, runway debris etc., sandvatiuctures usually have a very low residual structural
capacity. Unfortunately, macilength scale damage, in particular internal damage such as
impact damage, is very difficult to repair. Therefore, there is a genuine need to develop impact
tolerant and alf-healing syntactic foams which can be used as a core in sandwich structures.

In this study, a nevehape memory polymer (SMP) based syntactic foam was proposed,
fabricated, characterized, and tested using DSC, TEM, SEM, andtrégsslled programming
and free shape recovery by association with the foam cored sandwich. A micromechanics based
model was employed to clearly visualize the microstructure and to quantify the geometrical and
mechanical properties of the smart foam composite in the lineaicelagton. An orthogrid
stiffened SMP based syntactic foam cored sandwis$thenfabricated, programmed, impacted,
healed (sealed), and compression tested, for the purposeaslinfyimpact damagelwo impact
energy levels (30J and 53J), two prestrairels (3% and 20%), and two confinement conditions
(2-D confined and @ confined) were used in the low velocity impact test, stcaintrolled
programming and constrained shape recovery, respectivedgal® and visual observation were
also conducted toisualize impact damage and evaluate the degree of sealing achieved.

It is found that the shape memory functionality of the SMP based syntactic foam can be
utilized for the purpose of sealing impact damage with the developed programming and shape

recovery. The developed foam anthe hybrid sandwich structure are able to heal (or seal)

X



structurallength scale damage (here impact damage) repeatedly (up to 7 rounds of-impact
healing cycles), efficiently (with a healing efficiency over 100%); and almost autorsiyn(the
only human intervention is by heatinghis study lays a solid foundation for the next generation

of smart sekhealing composite structures in engineering applications.

Xi



CHAPTER 1. INTRODUCTION

1.1 Syntactic Foams

Syntactic foams are light weight particulate composites that make use of hollow microspheres
as reinforcement in a polymer resin matsee Figure..1 Enormous work has been done in the
field of syntactic foamsince 19668. The major work in this field started with a simple two
phase foam system with glass microballoons as reinforcement and a polymer system as the
matrix. These systems were aimed at applications in the marine and submarine industry. Now
this field has expaded to include polymer and metal hollow particles, rubber particlesoetc
form three phase and four phase systems [1]. Thesephalted syntactic foams were aimed at
applications that make use of the high specific strength properties, energy absorptio
characteristics, biocompatibility and flame retardant propertidue to these innovations,
syntactic foams have found applications in aerospace, automdbéiesportatios and

biomedical fields.

Figure 1. SEM image showing the microstructure ot syntactic foam



The physical and mechanical properties of these foams can be modified to suit the
requirements of particular applications. Thesguirements in the material properties of the
foams can be achieved by incorporating various reinforcing/filler matevialseties of foams
have evolved through the incorporation of different filler materials like nanoparticles, short
fibers crumb rubbes, etc.

Thermosetting polymers as opposed to thermoplastic polymers are preferred matrix/binder
materials due to their ease of manufacturing [2, 3] rather than specific material properties [4].
The mechanical properties of the resulting syntactic foamsedaited to the filler type and filler
matrix interaction. Normally spherical shaped fillers are preferred due to their good packing
factor and hydrostatic compression strength [5]. The diameters of these particles range from
1-500umwith a wall thickness of 44 pm. Glass microspheres are usually preferred as filler
materials due to their superior mechanical strength, smoothness and regularity of the surface,
good wetting characteristics and low viscosity of the resulting foam, all combined with
established production procedures and low odstomprehensive study on syntactic foams was
reported by Shutov [6]Concerning the mechanical behavior, syntactic foams display uniaxial
compression strengthgp to 100 MPa, hydrostatic compression strengtips to 150 MPa,
uniaxial tension strengthgp to25~30 MPa and tensile Young's modulys to2500~3000 MPa.

The behavior in compression is quite ductile, whereas tensile response is rather brittle [7].

The tensile modulus of syntactic foams containing low density microballoons can be
increased with the decrease in microballoon volume fracAonexperimental investigation on
the tensile strength and modulus of glass microballoon based syntactic foeeessied out by
Gupta et.al [8]. From this study, they found that the tensile modulus of the foams with high
density microballoons increased, but it was not related to the volume frathiep.concluded

that the tensile strength enhancement was reladethe matrix properties rather than the
2



microballoon characteristics. The modulus increased with microballoon density. A similar study
was also conducted by Kishore et.al on the tensile strength and fractography of syntactic foams
[9]. They concluded thathe Youngs modulus increased linearly from 2 to 2.47 GPa with the
decrease in microballoon volume fraction. Fractographic studies revealed increased spacing
between the microballoons and curvilinear deformation marks in the matrix with resin rich areas.

Addition of chopped fibers as reinforcements in syntactic foams helps in improving their
flexural strength properties irrespective of the presence of voids. A study by Karthikeyan et.al on
the flexural behavior of fiber reinforced syntactic foams valslatieis claim [10]. This
emphasizes the importance of fibers as reinforcing materials in foams. Hence these foam
materialswith glass fibers can be used as a better core for sandwich structures in structural
applications Alonso et.al studied the mechanigadrformance of short fibeeinforced syntactic
foams [1]. They used chopped glass and aramid fibers as the fiber reinforcements. Mechanical
performance was measured using compression and shear Thsis.concluded that the
mechanical performance of tHiéer reinforced foams was enhancehd the aramid fiber
perfornmed better than the glass fiberBhe compressive modulus of the fiber reinforced foams
was also found to behigher than that of the fiber free syntactic foams. The compressive
properties ofchopped fiber reinforced syntactic foams wetedied byKarthikeyan et.al [1R
The values increased with the contenfiloérs, thus emphasiry the influence of both densities
and load bearing capacities of fileon the compressive propertesthesesystems. Syntactic
foams are thereforpredicted to perform bettevith the incorporation of fibexwithout much of
a change in the density for applicatiagh as structural and sgba buoyancy aid materials

The compressive strength and modulus of agtit foams primarily depend on the relative
strength of the microballoons and matrix resin. Also, in the case of foams with low strength

microballoons incorporated, the mechanical properties show dependence on microballoon
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properties. Gupta et.al [13] stied the compressive properties of syntactic foams having
microballoons with four different wall thicknesses and five volume fractions. They found that the
compressive modulus and strength varied linearly with the foam densitthe compressive
propeties increased with microballoon wall thickness and decreased with microballoon volume
fraction.

There are primarily two failure mechanisms that dominate in syntactic foams with varying
densities. A study on the failure mechanisms of syntactic foams oodgression were carried
out by Kim et.al [14]. They concluded thabrgitudinal splitting occurred in the lower density
foams and layered crushing occurred in the high density foams. The failure sequence associated
with longitudinal splitting was (a) fomation of multiple longitudinal cracks along the
circumference of the compression specimen, (b) widening of longitudinal cracks and (c) failure
at one end of the specimen resulting in further lateral expansion. The failure sequence associated
with layeredcrushing was deduced from a model by which (a) the first failure initiation occurs at
a weak microsphere, (b) failure of adjacent microspheres due to stress concentration resulting in
propagation of microsphere failure laterally until it reaches the ergbexdimen wall, and (c)
thickening of the crushed laygfoopman etal. investigated the mickstructural failure modes
in three phase syntactic foams [1%hey conducted both compression and tipemt bending
tests on the syntactic foams. Microspheteength had a strong effect on overall uniaxial
compressive strength with interface strength playing a secondary, yet significant role. 4in three
point bending, the role of the interface was much more critical. SEM micrographs revealed
primarily interfacefailure and were characterized as the presence of intact microspheres with
clean surfaces, accompanied by corresponding areas of resin with concave spherical sections.

Enhancement of energy absorption by incorporation of rubber as filler and therebyimgprov

the damage tolerance/resistance of syntactic foams has been widely studied in thieguast.
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Nji proposed and synthesized a rubberized syntactic foam to develop better impact properties in
the conventional microballoon based syntactiarfied1qg. The use of glass microballoons for
fabricating syntactic foams is the most common due to their good chemical compatibility with
polymers, lower cost, and higher strength. However, owing to the brittleness of the glass
microballoons, the impact tolerance oh&ctic foams made of glass microballoons is limited.
Also there is a lack of mechanisms to contain or arrest the microscopic damage from propagating
into macroscopic damage. Together with the brittleness, current syntaotis frannot absorb
sufficient anount of impact energy without significantly compromising structural strength. To
take care of this, they proposed rubber coated microballoons dispersed in a nanoparticle and
microfiber reinforced polymer resin. They found out that this unique microsteuptovided a
number of mechanisms for absorbing impact energy in rcrgth scale and prevented the
micro-scale damag&om propagaing into macrelength scale damage. A similar study by Niji
and Li [17] showed that the incorporation of CaO improvedrtigehanical properties of the
rubberized syntactic foam. CaO helped in removing the water contained in rubber latex by
generating an exothermic reaction within the rubber latex/microballoon mixture and eventually
reacting with water to form calcium hydrorid Also the heat generated due to the exothermic
reaction helped in evaporating the water, resulting in microballoons coated with calcium
hydroxide reinforced rubber layer.

A studyon crumb rubber based syntactic foams was conductedand John [18 The foam
had a hybrid microstructure bridging over several length schidhis study they showed that
the presence of crumb rubber helped in reducing the stress concentration centers, thereby
improving the impact tolerance and also flexural strength. ifili@tion energy increased and
propagation energy decreased when a portion of the microballoons were replaced with crumb

rubber particleslt was found that the rubberized syntactic foam possessed a higher capacity to
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dissipate impact energy and to ratéending strength. There was a positive composite action
between the hollow glass bead particles and crumb rubber particles by means of stress field
interaction and reduction in stress concentratfmmi et al. [19] investigated the fatigue crack
propagtion and fracture toughness of a modified syntactic foam containing both glass
microballoons and reactive liquid rubber. They contributed the enhanced crack propagation
resistance and fracture toughness to a synergistic action between the microballdenrabter
modified epoxy matrix.

The elastic properties of syntactic foams have been predicted using suitable models as well in
the past. Song et.al performed dynamic modeling of the constitutive behavior of syntactic foams
[20] using damage mechanidse effective elastic properties of these syntactic foams were also
modeled by different researchers. Bardella et.al [21] studied the elastic behavior of foams based
on a micromechanics point of view. Using a concentric spherical model, Marur et.atedtim
the effective elastic constants [22] and compared the results with theoretical and experimental
values. It was found that the model had good agreement with the experimental results.

Compression studies on syntactic foams with lateral confinementsa@suiigh stress levels
in the specimen due to densification of the foam. This was studied by Subhash et.al [23], by
conducting dgewise quasstatic compression tests and dynamic tests with and without rigid
steel confinementThey concluded that lwen déormed uniaxially without confinement, the
foams reach a maximum stress and then exhibit a softening response that eventually results in the
fracture of the specimen on random plan®@s. the other hand, compression tests with the
confinement resulted in dsification of the foams and thereby resulting in high stress levels
being generated in the specimen.

The addition of glass microballoons results inimerease irthe glass transition temperature

(Tg) of the thermoset resilA Dynamic Mechanical Analysi$DMA) of syntactic foams wa
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conducted by Sankaran et.al]2 From their studies they concluded that thevalues of the
syntactic foams were higher than that of the neat resin. The maximum use temperature could be
interpreted based on thg Values anccould be used as a design input. The storage modulus
values decreased with increasing temperature, but the reduction was less than the reduction of
neat resinsA themal stability analysis wagerformed by doing ThermGravimetric Analysis

(TGA) on syntatic foam sampledy Alonso et.al [11] They concludd that thehermal stability

of the fiber reinforced foams was enhancaatithe aramid fiber perfored better than the glass

fibers.

From the previous work on syntactic foams in the past few yearsyérysclear that the
damage induced in the foam when subjected to tension, compression or impact is on a
macroscopic length scale or in other words results in a brittle failure. Even though several
methods to improve the impact tolerance have been dewsel,as adding rubber particles to
contain this type of damage, there is no effective solution to recover the strength of the foam lost
due to low velocity impact events. In other words there are no self healing properties inherent in
the syntactic foamot heal a damage caused due to different types of failure. So there is an urgent
need to develop self healing smart foams that can sense the damage and actuate the healing
process in conventional syntactic foams and at the same time are impact toleraiaismate
another worgd there is a strong need to repair internal damage autonomously, repeatedly,

efficiently, and at moleculdength scale
1.2 Syntactic FoamCored Sandwiches
A sandwich is a special clag§structurethat is fabricated by attachinginhbut stiff skins to a

light weight but thick core. Woven glass fabric infused with a polymer is generally used as the

skin. Currently, various core materials are available to dissipate impact energy, including foam



core. Among them, syntactic foama light weight and closed cell material with polymeric,
ceramic, or metallic microballoons dispersed in a polymer matrix, is becoming more and more
accepted in impact tolerant sandwich structures. A schematic of a typical sandwich structure
showing the skin aihcore is depicted iRigure 2.Fiber reinforced polymer composite sandwich
structures have been used in almost all ymacle engineering structures such as space shuttle,
aircraft, ship, auto, nessure vessel, piping, briddajilding, platform, etc., prigrily due to their

high specific strength and stiffness, tailility, corrosion resistance, and functionally graded

construction.

Core

Figure 2. Schematic of a Sandwich structure

Impact has beera critical problem for engineering structures. Failure of engineering
structures due to impact has been well documer2®@4]. Therefore, sandwich structures must
be designed to have a certampact tolerance or impact resistantée top and bottom skins of
the sandwich structure serve the functiorcafryingthe bending loads and thereby protecting
the syntactic foam core from catastrophic failure. One of the main functions of the core is to
absorb impact energy during low velocity and high velocity impact events. It also serves as a
means of shielding radiation and insulating heat transfer. More or less the core plays an
important and vital role as part of the sandwich structure.

Composite andwich panels can absorb more energy than laminates and at the same time
undergo less deflection to absorb the same maximum energy as the laminates. A comparative

study on the impact resistance of composite laminates and sandwich panels was conducted by
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Ferri et.al. [35]. They showed that the overall response of the sandwich panel depends on the
properties of the face sheets (skins) and the foam core. Also, they found that impact energies
above a statically determined threshold level resulted in extefosive core damagd.ransverse

load induced impact damage has been a critical problem for composite sandwich striibtsires.
type of impact events can result in reduction of the residual strength of the sandwich panel. An
enormous amount of work has beemedowards this direction to improve the residual load
bearing capacity of sandwich structures subjected to low velocity impact events.

Sandwich structures have been widely used in load bearing structures due to their high
specific stiffness and high spBc strength. Some sandwich structures, such as those used in
high speed transportation applications, are required to have high impact energy absorption
characteristics. Vaidya et.al studied the impact damage of partially foam filleajected
honeycomixore sandwich compositesg]3 They performed both low velocity and high velocity
impact studies on two different foam filled sandwich structures. They concluded that the foam
filling not only provided support to the cells, they also helped in improviagmpact tolerance.
Another noticeable fact was that the resistance to penetration, energy absorption and damage
modes were a function of core stiffness, extent of filling the foam and number of face sheet plies.
Low velocity impact tests were conducted eyntactic foamcored sandwichstructures by
Hazizan et.al [3]¢ They concluded that the dynamic response of the sandwich structures mainly
depends on the elastic properties of the foam material. Three prominent modes of failure were
detected. Shear cikdng in the brittle core, fiber buckling close to the point of impact and
finally delaminaton of the skin resulting icomplete failure of the sandwich. The static and
impact failure modes of foam carsandwich beams we investigated by Lim et.al [38The
impact energy absorption was relatedhe failure mode strongly and also they suggested that

for enhancement of the impact properties, the failure should occur at the face.
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Failure in syntactic foam cored sandwich structures under bending loaogeigd by the
tensile properties of the core and not on the radius ratio of the microballoons [39]. This study
concluded thathe core shear stress and skin bending stress decreifisetecrease in radius
ratio. Radius ratias defined as the ratio oheé inner radius to the outer radius of the glass
microballoons.A mechanical and numerical characterization of a syntactic foam/glass fiber
composite sandwich intended for naval applications waslucted by Corigliano et.al [#0
They concluded that thsandwich core helped in improving the stiffness and strength quite
remarkably. Also a weakness at the #kame interface could result in delamination of the skin
materials. Rocca et.al conducted static and dynamic fatigue tests on a sandwich structure
conprised of glass fiber reinforced polymer skins @nfiber reinforced foam core [#1They
noticed no considerabtéhange in the residual compressive strength and failure modes.

Various types of core materials have been used in fabricating sandwich panelsy them
the foam core which can be sdlvided into syntactic foam, polymeric foam, metallic foam,
ceramic foam, balsa wood etc. has enjoyed enormous attention in the past few decddés [42
Web cores like truss and honey comb-f8 have also gaéd much attention as core materials
in sandwich structures due to their superior mechanical properties. Hybrid foam cores are
another category of core materials that can be used in structural applications. These hybrid foam
cores include8-D integrated car [49,5(0, foam filled web core1,36,5], laminated composite
reinforced foam core5R,53, grid stiffened syntactic foam coré4,53, etc. Among the
different core materials available, the hybrid foam cores predominate. Some of the drawbacks of
the oher core materials are as follows. For example, the foam cores are brittle which results in
macraelength scale damage, sacrificing the residual strength; the web cores on the other hand,

possess lack of proper bonding with the skin and also consist ottimpadows; and D
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integrated core resulis pile buckling. This leaves the grid stiffened syntactic foam as the ideal

candidate for energy absorption and hence resulting in good impact tolerance.
1.3 Grid Stiffened Syntactic FoamCored Sandwiches

Some dthe limitations of the present foam cores such as brittle behavior, macroscopic length
scale damages etc. were listed in the previous section. Li and Muthyala [54] and Li and Chakka
[55] conducted manufacturing, testing, and modeling of a new compasitBvich structure
with a hybrid grid stiffened core. The hybrid core consists of a continuous fiber reinforced
polymer orthogrid skeleton [54] or isogrid skeleton [55] that is filled with light weight syntactic
foam in the bays or cells. Low velocity impaests and compression after impact (CAIl) tests
were conducted to evaluate the impact response and residual strength of the sandwich structure.
C-scan and SEM observation were implemented to investigate the impact damage. A finite
element analysis usingMSYS was conducted to validate the compression test results. It is
found that these integrated cores enhance impact energy transfer, energy absorption, and positive
composite action, ensure quasitic response to impact, and have higher CAIl strengthy The
concluded that implementing the use of a grid stiffened core in the sandwich structure helped in
containing the damage within one cell or several neighboring cells due to the boundary
controlled impact response. On the other hand one of the major iim#aif these sandwich
structures, similar to other sandwich structures, is that the core is brittle and also due to the
generation of micro/macro cracks and the lack of-se#fling mechanisms, the post impact

residual load bearing capacity is still lo®4],55].

1.4 Limitations of Syntactic Foams and Foam Cored Sandwiches

While syntactic foam and foam cored sandwich have been widely studied and used in

practice, they have certain limitatiori3ue to the brittle nature of the thermoset polymer matrix
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usedfor fabricatingthe foam material, the energy absorption during an impact event is at-macro
length scale. In other wordenergy absorption is facilitated by mademgth scale damages.
These type of macrength scale damages will lead to a very low nesictructural capacity in

the impact damaged sandwich structures. This calls for immediate maintenance or repair of the
structure. Unfortunately it is extremely difficult to repair this type of damage induced in the
sandwich structure due to impa&ecawse of the difficulty in repairing internal damage, it
usuallyleads to the replacement or rebuilding of the entire structure. Therefore there is a genuine
need to develop impact tolerant and dwéling syntactic foamghat will actuate a healing

processwhen triggered by an internal stimulus.

1.5 SelfHealing Methods in Thermoset Polymer Systems

The current way of repairing impact damage is through external structural repair such as
welding or patching §6]. They are costly, time consuming, and requirbabte detection
techniques and a skilled work force. They are mainly applicable to the repair of external and
accessible damages instead of internal and invisible microcrBliois, here is a strong need to
repair internal damage autonomously, repeatezfficiently, and at moleculdength scale

Self healing process is very evident in thermoplastics. They can achieve molecular level
healing by just heating the thermoplastic above its melting temperature and allowing them to
flow into the damaged regio Upon cooling, they become rigid and thus heal the damage. But
due to their low stiffness and thermal instability they are not widely used in structural
applications. So this research work is primarily focused on thermoset resin systems. Chemical
crosslnks provide appropriate anchorage which in turn results in the superior strength, stiffness
and thermal stability for the thermoset polymer systems. The fracture of one polymer chain

results in the transfer of the damage force to the adjacent chainshthitwaigrosslinks and
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eventually results in crazing, cracking and ultimate fracture at a small strain. Thus it is very clear
that the fracture in thermoset polymer systems is brittle in nature. So, developing thermoset self
healing polymer systems are veyallenging as opposed to their thermoplastic counterpart.

Enormous interest has beeargrated in the recent years in the area ofhesdfing internal
damage in thermoset polymer and its compositef Jf7an effort to develop a self sustained
repair pocedure for a sandwich structure that has lost its structural capacity due to damage,
several self healing schemes have been devised. Scientists and researchers started thinking of
implementing self healing schemes similar to the biological systems innsuasawell.The
ability to heal wounds is one of the truly remarkable properties of biological systems. A big
chall enge facing the materials science commun
mi mic this behavior bgnoetobnbyowseanddngo dbeé
reestablishing the continuity andeahteogdi mat el
would significantly extend the lifetime and utility of a vast array of manufactured structures
Researcherhave worked on the feasibility of adding hollow fibers having healing agents,

microencapsulated spheres, thermoplastic additives etc. to help in the process of self healing.
1.5.1Hollow Fiber Approach

The pioneering research of using hollow fibers to hold healing agents to be refieased
damage repair was done by Dry and Sot&®sd0]. This concept was initiallgevelopedn the
field of cementitious materials to alter the cement matrix permealgutierent corrosion, repair
cracks etc. This was further extended to polymeric materials. In this approach, healing was
achievedwhen a propagating crack encounterse of the disperseabllow glass fiber, thdiber
bursts/fractures and the encased fluidvianto the cracked regicand curen-situ. In the initial
studies on hollow glass fibers with healing agents, the researchers had problems of void

formation in the entire system. A major reason for this behavior was attributed to the larger size
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of the fbers holding the healing agent when compared with the reinforcing fibers. This might
have resulted in stress concentration centers which in turn resulted in failime thne
composite structure [61]. Bleay et.al [62Zsedsmaller glass fibers to holdetealing agents to
account for the problems faced by the previous researchers. But the filling and release of the
healing chemicals proved to be moreolgematic. Pang et.al [$3ontinued the work on
synthesis of self healing composites based on holiber toncept. The idea was to tailor the
self healing systems according to the specific application by varying the healing chemicals.
Some of the drawbacks of the hollow fiber approach were the difficulty in filling the hollow
fibers, the proper release tife healing agents at the right time and alsoitladility of the
system for repeated healing. Even though some work has been done to address tldd,issue [
65], these systems still possess drawbacks like excess discharge of healinigoage¢he micre
hollow fibers.Another important issue was the sealing effectiveness after damage. There is also
a need to develop rehealing systems which provide high strength and reactivity only when

required.
1.5.2Microencapsulation Approach

Microencapsulation is thenost studied selfiealing concept in recent years. This particular
approach involves incorporation of a microencapsulated healing agent andyst caithin a
polymer matrix [6668]. When a crack is induced in a polymer system, the microcapsules are
damayed by the propagating crack and release the healing agent into the cracks by capillary
action. Furtherthe healing agent and catalyst react to heal the crack and prevent subsequent
crack propagation. This approach alleviates the manufacturing problemssdchy using the
hollow fiber approach. Another variation of this apptoa@s coined by Skipor et.al [B9In this
approach, they proposed attaching catalyst molecules to the exterior of microcapsules filled with

the healing agent. They claimedHhaveimprovel the healing efficiency.
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But this method also possess#silar limitations to the hollow fiber approach. Some of the
limitations include limited availability of the healing agent at the damaged site, limited
environmental stability of healing agenimmobility of healing agents at low temperatures, shelf
life of the healing agents, and inability to heal damage more than once.

1.5.3 Thermoplastic Additives

The inclusion of thermoplastic additives as healing agents in a thermoset resin system was
first reported by Zako and Takana(] in 1999. Upon heatinghe particles melted, flowed into
internal cracks or flaws and healed thestnen cooled downThe feasibility of thissystem was
studied by many researchers and the different factors affecting the healing efficiency can be
listed as follows:

(a) Compatibility of the two polymers, the thermoplastic polymer should be miscible with
the thermoset polymer system and at the same should not react with it at ambient
temperature

(b) The Ty of both the thermoplastic and the thermoset shouldclbse so that the
thermoplastic melts above ambient temperature and at the same time not so high to cause thermal
degradation of the thermoset

(c) Low molecular weight polymer diffuses faster resulting in quicker healing, while high
molecular weight polymer possess better mechanical properties. A balance should be attained
between these two essential characteristics.

(d) Healing process is diffusiom inature. So the healing temperature is expected to affect the
healing rate and efficiency.

This self healing scheme possesses the advantages of autonomous and repeatable healing. The
feasibility of this system depends highly on the four factors mentiabeste. The mechanism

behind this method is based on the melting oftileemoplastic particles arttieir eventuaflow
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into the cracks through diffusion when heating; the molten thermoplastics bond the two sides of
the cracks and establish continuity atlecolar level whercooledbelow Tg. In another word,

the thermoplastic serves as an adhesive at Aeogth scale. While this method can heal
damage autonomously, repeatedly, and at molecular level, there are two limitations: (1) its
healing efficiency istill low. This is because the thermoplastic within the crack behaves like the
bulk due to the relatively wide opening of the cradkiltiple impacthealing cycles were used to

test composites containingi 0% polybispheneA-co-epichlorohydrin in an epgx matrix.

These samples were assessed visually, and o030 he#ing efficiency was reported [T1

(2) the amount of thermoplastic additive is high (typically over 10%), again due to the relatively
wide opening of the crack, which may adversely affeetdtiffness and thermal stability of the

thermoset matrix.
1.5.4 Thermally Reversible Crosslinked Polymers

This class of polymers makes use of the therewersible covalent bonds to sakal internal
cracks in the polymer system. The mechanical pragsedf these systems are comparable to the
conventional systems used in fiber reinforced composites. Thus they can be used as the matrix
materials for structural applications as well. A thermally reversible cycle such asAlilels
(DA) reaction for selthealing applicationsvas pioneered by Chen et.al [7Zhey described a
remendable system which could heal cracks multiple times. This system had advantages over the
popular microencapsulation technique because it eliminates the need for catalystsggealisg
etc.

The first generation of a highlyrosslinked and transparent polymer was synthesizadhe
DA cycloadditionof furan and maleimide moieties, and thermal reversibility of the chemical
bonds isaccomplished via the retidA reaction[73]. Solid state reversibility of the cross

linking structure viaDA and retreDA reactions was tested and confirmiegl subjecting the
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polymerized films todifferent heating and quenching cycles, and analy#egcorresponding
chemical structure by solstae 13C NMR.

Liu et al[74,79 further investigated thepplicability of selfhealing polymers usin@A
reactions in advanced composite productidimey employed epoxyprecursors to prepare
multifunctional furan andmaleimide monomers. These monomers possbss desirable
characteristics of the tradition&poxy resins such as solvent and chemirealstance, low
melting point, and solubility in aumber of organic solvents. These characterigizble them
to be processed in a similar fashioritie epoxy esins.

The use of thermally reversible covalent bonds to heal the cracks eliminates the need to
incorporate self healing agents, catalysts etc in the polymer system. Another important advantage
is the repeatability of the healing process. Depending oaxtest of the damage area which in
turn is related to the fracture of specific covalent bonds, this healing process can be repeated
multiple times. Thus these types of polymer systems with thermally reversible covalent bonds
are autonomous as well as capabf healing cracks multiple times. However, this scheme is a
very lengthy process:irst decoupling of theovalent bonds requiredso that the component can
flow into the damaged space; after thfie system icooled down to relevelop the covalent
bond so that the material can be healed. Thestablishment of covalent bond at room
temperature usually takes several days. A more-éffieient healing scheme is thus needed.

A concluding remark on self healing mechanisms in thermoset resin systerns ozade as
follows. Most of the preliminary work done in the field of self healing resin systems has tried to
mimic the biological method of healing in human beings. In humans, healing is based on the
development of new cells/tissue after initially fang patch surfaces to protect the damaged
tissue lying beneath. Natural healing is also a lengthy process depending on the extent of the

wound. Replication of the simplest biological self healing system in polymer systems, and
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thereby making the thermospblymer based syntactic foam sandwich structures behave in a
smart way to damage is a long route towards realization. Therefore, there is an urgent need to
develop such polymer systems that can self heal on demand and also be compatible with most of

theadditives to make them more functionally useful or active.

1.6 Shape Memory Polymers (SMP)

Chang and Read revolutionized the field of active materials research by the discbvery o
shape memory effect in 1932 [[7&hape memory effect is the ability of aterwal to fix a
temporary shape in response to an elastic deformation and recover the original shape after
application of external stimuli like temperature, light, magnetic field etc. This property is not an
inherent material property, but it is a resuitnoaterial structure and specific functionalization
techniqgues. Shape Memory Alloys (SMAs)vbhareceived considerable attention as stimuli
responsive materials due to their small size and high stre@yt the other handhey possess
obvious disadvantagekke high manufacturing costs, limited recoverable defdionaand
appreciable toxicityHowever, in the past decade, Shape Memory Polymers (SMPs) have gained
more importance over SMAs due to their superior properties like high recoverable strains of up
to 300% when compared with onlyl3% of recoverable strains in SMAlow density, low cost
etc Also, SMPs can be tailored according to a specific application by changing the recovery
temperature with changes in chemical formulatidrige activation tempature can be changed
by changing the cpolymer composition or degree of crdsking. These properties have
helped SMPs in becoming functionally attige in many fields these days and are mode widely
used when compared with the SMAs for structuralpsaice and defense applications.

Shape memory polymers were first introduced by Nippon Zeon Co. in Japan. The first SMP

was polynorborene based having grdnge of 38C to 40C [77]. SMPs are a class of polymers
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that can undergo deformation at high terapeares, retain the deformed shape when cooled and
return to its original shape upon heating above theShape memory polymers possess two
phases, which are clearly separated by the glass transition temperature. Above the glass
transition temperature tii@re soft and rubbgy thus making it easily deformable. While below
the glass transition temperature they are rigid eaghot be easily deformed [f/&MPs are
regular polymer resin systems that exhibit shape memory effect (SME). The consequences
causedby an intended or accidental damage can be ironed by heating the SMP above a defined
transition temperature. This is mainly possible due to the flexibility of the polymeric chains in
the structure. Shape memory property is not related to a specific fyroper single polymer;
but it is a combination of polymer structure and morphology together with applied processing
and programming technologieBhe potential applications of these SMPs range from consumer
goods to medical supplies. Shape memory polyrfisdsapplications in biodegradable sutures,
repairable automobile skins, satellites and other space vehicles as well. Although some SMPs
have applications in the engineering industry, they are far from technological potential of the
SMP. This is mainly de to the weakness in mechanical strength and stiffness when compared to
metals and ceramicg9-81]. Fiber reinforcements could improve the strength and modulus
while retaining considerable large recoverability propert@scontinuous fiber reinforcement
showed strain recoverability in all directions, while continuous fiber reinforcements showed
recoverability only in the trangvse direction [8RWith the use of the proper reinforcement these
SMPs could be used as an active structural material fortiebrand acoustic control, damage
control and shape control capabilities.

The shape memory effecof the thermosetpolymers can be explained based on two
perspectivesthe first one would be from a thermodynamic point of view and the second one

from a moécular perspectivd2olymers can be classified broadly into crystalline and amorphous
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polymers. This study dealith amorphous polymer systems. Amorphous polymers are those
polymers in which the polymer chains are not in an orderly fashion. In other wioegidake a
completely random distributiom space If W expresses th@robability of a conformationa
strongly coiled conformatiorstate of maximum entropyepresentshe mostprobable state for
an amorphous linear polymer chaiccording to the B&emann equatiof83]:
NI 0 10 =SOSR O §)

HereS i s the entropy of the sysThednmingforcefok i1 s t
shape recovery is the conformational entropy of the molecular segments in temsraf
Brownian thermal motionThermodynamically, the molecular segmeatgerience a change
from a temporary and ordered configuration to its random and coiled configuration during the
shape recovery process. Since this process is accompanied by an incredsgpyn ins an
autonomous process. It is the recovery in strain and in stress that makes SMP a viable choice as
sensors and actuatols. order to make the polymer smart,stusually subjected taa typical
threestep thermomechanical cycle calledgramming; see Figurefdr a 1D tensile stresso|),
tensile strain &), and temperature (T) relationship during the programming cythe
programming starts at a temperature above the glass transition tempergtuwkti(€ SMP. It
involves a highstra n def or mation in the r udbebfearrymastti aotned,o
O0mrnte ai no . Step 2 is a 0606st rr ai-strainsconstanbvgheed 6 pr
cooling down to below J Because of the thermal contraction of the SMP durirgirng, the
tensile stress needed to maintain thegeformed shape increases as the temperature diogs.
third step is a 606low temperature unloadingo
stress in the glassy state. The low temperature unipgorocess may be accompanied by
6606spring b a ¢ k estrain mayehe , rebosnoletldis qompdetes the thresdep

programming.
20



Stress |

trans

Temperature —~

Figure 3. Schematic of fourstep strain controlled programming

In step 4, which involveseheating to its starting temperature (aboyewithout applying any
constraint, sometimes called o06free strain r
pre-strain back to zero (if the recovery rate is 1009)is completes the typical fowstep
thermomechanical cycle.

This straincontrolled programmingand freeshape recovery are schematically shown in
Figure 4for a polymer with glass transition temperaturg) @s its transition temperatureqghy
and the molecular mechanisimgolved areschematically shown iRrigure 5

The efficiency of a shapmemory polymer is empirically controlled by its composition, as
defined by the polymerés <chemical-linkingramtt ur e,
fraction of amorphous and crystallim®mains 76,83. The energy that is restored with shape

recovery is a growindgunction of the energy supplied during the deformation at a high
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temperature §4,89. A critical science and technological implication of SMP is tbaé can

utilize its shape mmory functionality for seksealing purposes.
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Hold the strain and cool down to below T,
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Remove the load and fix the shape

(4) [ h 0| Heatto above T, and shape recovery

Figure 4. Experimental Procedure of Programming
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cooling

4/heatin
f g

Figure 5. Molecular mechanism of the thermally induced shapenemory effect for
a multiblock copolymer [83]

22



SMPscan be perceived gossessg two phases: (1) a frozen (hard segment) phase and (2) a
reversible switching (soft segment) phase. The hard segment is responsible for the
permanent/original shape of the SMP by providing permanent-bntissand the soft segment is
responsible for thehspe recovery or in other words strain recovéiye soft segments deform
upon application of grestrainabove a transition temperature, either the glass transition
temperature (J) or the melting temperature £ [86]. A high value of the ratio of elasti
modulus is essential to fix the deformed shape easily and recover the original shape rapidly. The
modulus is dependent on the hard segment content and this in turn is related to the extent of
crosslinks. If the hard segment content is below a criticklevé30%60%) it will not show
proper shape recovery characteristics. On the other hand, if it is above the critical value then it
can result in brittle behavior of the system.

As mentioned earlier in section 1.3he current selhealing schemes have eih own
limitations in achieving selhealing. One major aspect is the inability to heal the damage
multiple times. Another important drawback is that these systems are not autonomous. So there
exists an urgent need to develop a-beffiling scheme that aitonomous and at the same time
can heal damages multiple times. The use of SMPs will help in nullifying the drawbacks in the
present selhealing schemes. The only human intervention for these SMP systems is to provide
the required external stimuli to lieve shape recovery. Since the shape recovery mechanism
depends on the conformational entropy restoration, the system can be considered to be
autonomous. The ability to heal damages multiple times depends on the amount of energy
supplied during the initidmpact or deformation event. In other words, depending on the amount
of energy stored in the system due to the deformation (shape fixity), the extent of shape recovery
of the material can be achievetthe energy supplied during the shape fixing procasse used

to recover the damage fully. Another possibility is that the amount of energy supplied during the
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fixity process be utilized for healing multiple damages., one shape fixity process correspond

to several shape recoveries. Research in thestibn isvery scarce and is still evolvinggome

studies have dealt with SMP based foams and studied the thermomechanical behavior of these
foams. But they were open cell foams which lack the required strength and stiffness as compared

to the closed ce8lyntactic foams. Details of these foams are discussed in the next section.

1.7 Shape Memory Polymer BaseBoams

In order to identify the most appropriate SMP candidate to be used as a thermoset polymer
matrix in a syntactic foam based sandwich strucitighould essentially meet the following self
healing criteria. (1) healing of damaged region in an almost autonomous fashion, with almost no
human intervention, (2) capability to heal the damage multiple times or in other words
repeatability of healing iquite essential, (3) the chemical crosslinks/ covalent bonds provide the
necessary strength and stiffness for these polymer systems and they break as a result of damage.
The restoration of these bonds at a molecular level is also a very desirablerchiteyider to
restore the strength in the sandwich structures and (4) high healing efficiency of the structure is
an aftermath of restablishment of chemical bonds. The ideal and smart foam should satisfy
these four criteria simultaneously.

Shape Memry Polymer (SMP) basefams were developed by many researshn an effort
to make the foam coremart. Tobushi et.al studied the influence of shape holding conditions on
the shape recovery of polyurethane based shape memory polymer fo8irhs |
Thermomechainal analysis of these foams suggested thitvifas compressed above its glass
transition temperature ¢ and then cooled below itsgTthen it will maintain the deformed
shape. If the deformed SMP foam is held above jiss€condary shape formiragcurs, or in

other words it returns to its original shape. In a similar study by the same a88hothpy
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concluded that the deformation resistance of the SMP foam is large at low temperatures and high
strain rates. At temperatures above thetfie stain is recovered by unloading.

Huang et.al conducted compression, free recovery, constrained cooling and gripping tests on
SMP foams 89]. In contrast to the work by Tobushi et.al, they found that the compressive force
did not diminish upon cooling to rootemperature. The effect of long term storage on the
properties of compressed elastic memory polyurethane foam was investigated by Té&glet.al [
The SMP foams were pistrained at temperatures above theahnd then cooled back to room
temperature for biernation. But in a span of two days they returned to their original shape. This
was due to the fact that the, ©f the shape memory polymer was very close to the room
temperature. They concluded that the foam retained its shape memory properties @ven afte
storing it in a compacted state for a long period.

These foams are not syntactic foams. In other wdles/ are open cell foams. Open cell
foams are manufactured by using foaming agents or blowing agents in the foaming process. Air
bubbles are trappedudng this process and they are considered as a different phase in the
system. Syntactic foams are manufactured by incorporating glass microspheres which gives it a
closed cell structure. These syntactic foams are closed cell foams which possess soche disti
advantages over open cell foams. The specific compressive strength of these closed cell syntactic
foams is much higher than its open cell counterpart. They also absorb less moisture than the open
cell structured foams. So there is an urgent need igrddabricate and characterize closed cell
syntactic foams based on shape memory polymers and use them in sandwich structures for
structural applications. The use of an SMP as the matrix material for the foam core and in turn
use the core in a sandwichlwhelp in selfhealing the sandwich multiple times due to the

driving force by conformational entropy.
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In this study, theshape recovery functionalityf the SMPwasused for the purpose of self
healing damagesShape memory polymer based syntactic foawmsre fabricatedand
characterized, and their structural applicatiomsre evaluated.In an effort to make these
sandwich structures smart, an SMP based syntactic foam was used as the core material in a
sandwich structure. Low velocity impact propertiesl aasidual compressive strength of the
smart sandwich structure wasaluated The shape memory functionality was utilized for self
healing of the damage due to multiple impacts at the same locAtiother set of similar tests
were also conducted on aid)stiffened sandwich structure with the smart foam filled within the
bay areas of the grid structure. As discussed in section 1.1, the hybrid foam core proved to
outperform all other types of foam cores. More specifically the grid stiffened hybrid core is
preferred, due to the positive composite action between the ribs and the foam core. This grid
stiffened structure is envisaged to contain the impact damage within the boundary or in other
words, it results in a quastatic behavior within the bay areadaalso heals the damage multiple
times. The foam in the bay area is confined from the sides by the glass fiberDiparid from
the top and bottom by the glass fabric sheet resulting irDac8nfinement. Thus during the
recovery process (by heating abathe T, of the SMP), the foam will try to regain its original
shape or in other words there will be an increment in the volume. But since the entire bay is
constrained in all directions it will be forced to fill the microcrack generated due to impact,
leading to selsealing. Further, if the recovery stress is high enough, the cracked surfaces may be
pushed so close that some physical entanglement of the broken polymer chains or Van De Waals
force may be possible, leading to healing at molecular l&%el.only human intervention during
shape recovery process is to provide external stimuli such as heat, light, magnetic figdd; etc.

99]. Out of the different external stimuli, light and magnetism areaanriact types and require

no human intervention factivation. Since self healing driven by conformational entropy, is
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autonomous. Also, the rate of recovery can be fully controlled by the programming used and the
constraint applied. Therefore, this is an almost autonomous and controlléeaet process.

Unlike the currently available seffealing schemes, which are basediresitu polymerization

and need new and fresh supply of monomer and catalyst felmesdihg new damage, SMP can

repeat its shape recovery or sedfaling process manynes.
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CHAPTER 2. SHAPE MEMORY POLYMER
BASED SMART SYNTACTIC FOAM*

As discussed in Chapter 1, the current self healing schemes employed to make thermoset
polymer systems smart (sensing the damage and actuating a healing procese)nfEidesable
challenges which are still not resolved completely. Some of the conventional healing systems
lack repeatability of healing and also in turn have lower healing efficiency. Even though some of
them like the thermaeeversible covalent bond polymsystems take care of the multiple healing
issues and molecular level healing, they turn out to be deficient when it comes to the time
involved in achieving the required healing efficiency. So there is an urgent need to design
polymer systems that meetsetfour criteria of healing, (1) autonomously, (2) repeatedly, (3)
efficiently and (4) at molecular lengttale. In this chapter, an SMP based syntactic foam with
carbon nanotubes was fabricated and characterized. A syntactic foam without carbon nanotube
incorporation was also prepared.

This chapter mainly deals with the fabrication and characterization of the smart foam (SMP
based syntactic foam) and is subdivided into the following sections: (1) SMP formulation, which
gives the technical details inva&e in formulating the particular SMP used in this study. This
section also details the curing cycle that could be used to formulate the SMP and also the
polymerization process involved which results in the final shape memory polymer system. (2)
Materials ad fabrication section which gives details about the raw materials used in fabricating
the SMP based smart syntactic foam and also the fabrication route adopted to cure the smart
foam. (3) Smart foam characterization section which involves transmissictroelenicroscopy

studies to check if the dispersion of carbon nanotubes in the SMP was uniform, differential

*Reprinted by permission of
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scanning calorimetry to determine thgdf the smart foam, thermal conductivity studies to see if
the aldition of nanotubes improved the heat conduction and uniaxial compression tests to

determine the compressive behavior of the smart foam.

2.1 SMP Formulation

The shape memory polymarsed in this studgan be formulated by following particular
chemicalreaction processDepending on the manufacturing conditions and amount of each
constituentthe Ty can be varied significantlyrhe shape memory polymfarmulation is based
on a reaction product of (a) styrene, (b) a vinyl compound other than styreaer¢sslinking
agent and (d) an initiator. Sometimes a fifth component called a modifying polymer may also be
added to improve the toughness of the final SMP. By varying the composition of each
component, the grof the SMP can be tailored the requiredapplication. The crostnking
agent should be having a polymerizable functionality of at least 2, meaning it should help in the
crosslinking process of both the®*Imonomer and ¥ monomer. This system with 2 different

monomers is called a copolymer.
2.1.1 Suggested Components and CuringyCle

The components listed below are mixed in the following ordel) @nd then refrigerated
before us¢100].

(@)  Styrenei 90% (' monomer, styrene)

(b)  Vinyl neodecanoate7% (2 monomer, vinyl compound)

(c)  Divinyl benzene-1% (Crosdinking agent)

(d)  Benzoyl peroxidé 2% (Initiator)

The mixture is polymerized preferably at a temperature range betwé€r76% and a

pressure of 14.7 psi faa durationin the range of 4 hours to 1.25 days. Then the solution is
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injected into amold for curing at 7%C for 24 hours. After curingthe SMP sheet sampls

demolded. A clear sheet of the SMRhus obtained [100].
2.1.2 Polymerization Rocess

Part A of the Veriftx (CRG Industries, Ohio) shape memory polymer systensists of
threemonomersiamelystyrene, vinyl neodecanoate and Divinyl benzene (elinkgg agent).

Divinyl benzene helps in the crelsking process of the other two monomers as shown in

Figure6.
Sl CH=CH
CH=CH, 2
OCOR
\ 2 o
vinyl neodecanoate
CH=CH,
Styrene
Divinyl benzene
--TH'CHz CH-CHz . CH=CHymmememr
‘ e OCOR
Z=Z
Venflex Part A
......... CH----CH,
where R= GH1g

Figure 6. Crosslinking process during the polymerization of the polystyrene
SMP

When the initiator, Benzoyl peroxide (Part B of Veriflex) is added to Part A, a free radical
initiation process starts which is shown kigure 7. Because the polymerization process is
proprietary, it is assumed that the processsists of three steps,)(the first step involves free

radical generation fronBenzoyl peroxide. (2) Th&ee radical thus formed attacks one of the
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monamers in Part A which is called chainitiation procesqstep 2) This secondary radical
further attacks either of the remaigitwo polymers to form the final shape memory polymer.

The procss is called chainrppagationstep 3)

FREE RADICAL GENERATION

(O, ~ )
2

Benzoyl peroxide Free Radical

CHAIN INITIATION

+
Q= ol oo
Secondary radical formation
with Styrene
CHAIN PROPAGATION

COO e~ CH---CH2-- CH CH2

vinyl neodecanoate
COR

/
\
@COOM CH---CH2-- e D e
lCOR
| Shape Memory Polymer
S P Ty Folym

Figure 7. Free Radical Initiation and Polymerization Process

2.2Materials

The syntactic foam was fabricated by dispersing glass microballoons andualigd carbon
nanotubes intahe shape memory polymer matrix. The shape memory polyWeriflex, CRG

industries) has aglof 62°C (143F), tensile strength of3MPa and modulus of elasticity of 1.24
31



GPa at room temperature. The foam was fabricated by dispersing 40% by volume of glass
microballoons Potters Industrie®-cel 6014: bulk density of 0.08g/émeffective density of
0.14g/c, particle diameter range & - 20um, average diameter of 8, and crushing
strength of 1.72MPa), and 0.15% by volume of muhiled carbon nanotubes (Cheap Tubes
Inc.: density of 2.1g/cf diameter of 2B0nm, and length df0-20um) into the polymer matrix.
Carbon nanotubes weused for a couple of reasofihe addition of carbon nanotubes can result

in enhancement of the strength, stiffness and recovery rate of the SMP after damage is induced in
the SMP. This is very critical when the working temperature is above the glasgidran
temperature. Another reason for using nanotubehatthey have a potential to serve as a
medium for heating and triggering phase change if its content is higher than the percolation
threshold, such as by electricityercolation threshold can blefined as that volume fraction of
carbon nanotubes in the polymer system at which the conductivity of the carbon nanotube

composite shoots up drastically.

2.3 Smart Syntactic Foam Fabrication

The primary task in the fabrication ofhape memory nanfbamsis the dispersion of the
Multi-Walled Carbon Nanotubes (MWCNT) in the SMP matrix. Poor dispersion will result in
agglomerates thereby leading to poor interfacial shear strength due to inefficient load transfer
from the matrix to the MWCNT. Also normal ming methods like mechanical mixing can lead
to large agglomerates. These agglomerates can act as voids leading to an earlier failure of the
specimen. Proper dispersion is also required for obtaining improved thermal and electrical
conductivity. It has beefound from previous work by many researchers that the addition of
MWCNT to polymers helps in enhancing their mechanical properties and at the same time

making the pristine insulating polymer matrix a conducting medium.
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The smart foam fabrication processvolved primarily two steps. The first step involved
dispersion of carbon nanotubes in the SMP matrix. In the second step, the glass microballoons
were added to the SMRanotube mixture along with the hardener and were eventually poured
into a steel moldgovered from all sides and transferred into an industrial oven for final curing.

A review paper by Coleman et . al. i ndicates Yo
systems due to reinforcement with carbon nanotubes [101]. That work showed that an
incorporation of very low volume fractions of nanotubes can result in mechanical and thermal
property improvements. So in this study low volume fractions of carbon nanotubes (0.5%, 1%
and 2% by volume) were dispersed in the SMP foam and kept for curihgluBuo the very
sensitive nature of the SMP, the polymer did not cure at these loading rates of the nanotubes.
Eventually, a volume fraction of 0.15% of nanotubes turned out to be the best composition that
resulted in complete curing of the foam slaksggirsion of nanopatrticles in a polymer matrix is a
very crucial factor affecting the overall strength and stiffness of the particulate composite. Many
techniques for the dispersion of nanoparticles like manual mixing, high temperature mixing,
ultrasonic mxing and threeoll mill mixing have been adopted in the past. A recent study by Ji
and Li[102 shows that a combination of ultrasonic and time@kemill mixing helps in achieving

the optimum dispersion of nanoparticles within the matrix. Thereforandasiapproach was
adopted in this study.

The nanotubepolymer mixture was mixed with the assistance of an ultrasound mixer for 30
minutes at a frequency of 20kHz (Sonics Vibracell VC 750W) and a-tbtiesill for one pass
(NETZSCH type 50)When usinghe threeroll mill, care was taken to set the gap between each
roller not too close to result in the breaking of carbon nanotubes. Breakage of nanotubes will
lead to lower aspect ratio and in turn lower mechanical and thermal propedtesnd glass

microballoons(40% by volume)and the hardener(Veriflex Part B)were added to the carbon
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nanotubepolymer mixture and mixed with a spatula for htutesto make sure that a uniform,
homogeneous mixture was obtain&tie utrasonic mixer and the thraell mill are depicted in

Figure8.

Figure 8. Ultrasonic mixer and three-roll mill

The whole mixturevas then pourethto a steeimold andsealed on the towith a steel plate
for curing. The surface of the top and bottom steel plates used to seal the mold were covered
with teflon sheets to facilitateasy removal of the foam after curing. The sides were also
protected with a double sided taci tape to prevent the foam from leaking through the sides.
Curing in a closed mold was recommended by the manufacturer due to the volatile nature of the
polymer sytem used as the matrikhe curing process started at Gfor 24 hours, 90C for 3
hours andhen 100C for 3 hours in arindustrialoven. This curing cycle was chosen birial
and error process because the curing cycle for the pure polymer recommdiydete
manufacturercould notcure the foam. After curingthe smart foam was demolded and cut
according to the specifications for TEM, DSC, thermal conductivity and uniaxial compression

tests. The cured smart syntactic foam is depicted in Figure 9.tid@osas that can be seen on
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the surface are due to the teflon sheet that was spread on the mold to facilitate easy demolding of

the foam after completion of the curing cycle.

Figure 9. Cured Smart Syntactic Foam

2.4 Transmission Electron Microscopy (TEM)

Approximately 70 nm thick sections were cut with a Rondikn diamond knife on a DuPont MT
5000 Sorvall Ultramicrotome. Sections were collectedcotodioncoated copper grids and
imaged with a JEOL 100CX TEMTEM images of the pure SMP and the ones with MWCNTs
are depictedn Figure 10 It was found thathe combinationof the ultrasonic mixer and the
threeroll mixer was adequate to uniformblispersethe carbon nanotubes in the polymer matrix
as validated by th@ EM imagein Figure 10 (b). Thus the dispersion of carbon nanotubes in the
thermosetting SMP matrix was found to be effective by using a combination of the ultrasonic
mixer and the threeoll mill in accordance with the study conducted by Ji and Li [108 gap
between each roller of the three nalill was selected such thdamage of the carbon nanotubes

will not occur during the shear mixing process.
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Figure 10. TEM image of Shape Memory Polymer and Smart Foam

2.5 Differential Scanning Calorimetry (DSC)

Glass transitiotemperature (J) is an important parameter in the programming of the SMP.
As discussed previously, the programming must start at a temperature higheg.tAdso Tin
applications that can experience temperature extremes, it is important to know wiaetial
exposure temperatures are and how they will affect the mechanical behavior of the material. The
DSC is primarily used to measure the glass transition temperatygye b@ow which the
material/polymer is rigid and brittl@nd above which theyra elastic and ductil&Knowledge of
T4 helps in devising a systematic testing procedure for the characterization of the shape memory
polymer. In addition, it also helps in predicting when material recovery will occur upon heating.
Shape memory effects amore pronounced in the vicinity ofyT because this temperature
corresponds to the relaxation of the polymeric chains.

Differential Scanning Calorimetry is a technique used to study the thermal transitions

occurring in a polymer when it is heated. Them@pion of a Differential Scanning Calorimeter is
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based on measurement of the thermal response of an unknown specimen as compared with a
standard when the two are heated uniformly at a constant rate. The DSC has several useful
capabilities primarily the dility to measure glass transition temperature.

A schematic representatiarf the DSC is given inigure 11. From the figure it can be seen
that the DSC has 2 pans, the reference pan and the sample pamapbememorpolymer is
placed in the sample pamd the reference pan is empty. Both the pans are heated at the same
rate by cylindrical furnaces. Due to the presence of the polymer in the sample pan, it will take
more heat tkeep the temperature of the sample pan increasing at the same rate &sdheae

pan. This additional heat absorbed is meashyettheDSC.

Reference Pan  Sample Pan Cylindrical
furnace

Polymer

\.“;
1]

s

T

Thermoelectric Disc

|
Measurement Thermocouples

Figure 11. Schematic of the Working of DSC

A typical DSC curve obtained from exfreents caducted on thearbon nanotube reinforced
SMP foamis shown inFigure 12. The DSC test was conducted fronfG50 90°C at a ramp rate
of 5°C/min. As the temperature increases, the internal energy of the material changes with an
inflection point at the glass transition temperaturhree effective specimens were tested to
obtain an average of the glass transition temperatuféiglme 12we can se a change in slope

corresponding to the inflection poiatound 62C, suggesting the givalue.
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From Figure. 12jt is noted that the peak has been significantltdfzd due to the presence
of the elastic components (glass microballoons and nanotiteakation of the shape memory
polymer chains occur in the vicinity of the glass transition temperature and this in turn
corresponds to the shape recovery processeoSMP. Previous studies have showed that large
variations of T, can occur at the interface between nanoparticles and the polymer matrix [103].
In this case, the polymer surrounding the carbon nanotubes can overlap and percolate resulting in
different polymerto nanotube distances that ranges from molecular contact to several
nanometers. Due to this wide range of confinement, the widening of the relaxation time domain

occurs which in turn results in a broadened glass transition region as seen in Figure 12.
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Figure 12. Typical DSC curve for the smart syntactic foam

2.6 Thermal Conductivity Measurements

In order to measure thermal property enhancements due to the addition of nanotubes in the

shape memory polymer, thermal conductivity and specific heat of the foam were analyzed. This
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was done with the help of a Flash line 5000 series thermal analyzer. Figure 13 depicts the flash
line 5000 series thermal conductivity measurement device and the inset is a more clear view of
the specimen holder. The method involves uniform irradiatioa siall, diseshaped sample

over its front face with a very short pulse of energy. The-temeperature history of the rear face

is recorded through higépeed data acquisition from a sedithte optical sensor with very fast
thermal response. Cylindricapecimen with a diameter of 12.5mm and thickness of 3mm were
used for taking the thermal conductivity measurements. An average of 3 specimens was taken to

obtain the effective thermal conductivity of the smart foam.

Figure 13. Flash Line 5000 Thermal Analyzer

The thermal conductivity and specific heat of the neat SMP and the smart foam is summarized
in Table 1. It can be seen that the thermal conductivity of the foam specimen remained the same
when compared with the neat SNI14W/m-K). There was no increase in the conductivity of
the foam specimen mainly due to the lower volume fraction of nanotubes used for the fabrication

process. On the other hand, the specific heat of the smart foam (T865#1§ was reduced by
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about2.2%, when compared with the neat SMP (139Blg)-K). This clearly shows that the
amount of heat energy required to increase the heat of a unit quantity of the foam is less when
compared with the neat SMP. The reduction in specific heat is probably dibe voids in the

hollow glass microballoons.

Table 1. Thermal Conductivity and Specific Heat Capacity Measurements

Specimen Thermal Specific Heat
Conductivity (W/m.K) Capacity (J/kg.K)
Neat SMP 0.14 1395.6
Smart Foam 0.14 1364.5

2.7 Uniaxial Flat-wise Compression Tests of Smart Foam

In order to evaluate the mechanical properties of the prepared foam, uniaxial compression test
was conducted. The foam specimens were 25.0mm long, 25.0mm wide, and 12.5mm thick
blocks, which were tested flatise per ASTM C 365 using an MTS 810 machinee Tést was
strain controlled and the loading rate was 1.3mm/min. The test was conducted at room
temperatureThree effective specimens were testéthe compression test setup is shown in
Figure 14.The stresstrain curve was obtained and thelgl strength, ultimate strength, and
modulus of elasticity were determinedeld strength suggests the end of elastic region and start
of elastieplastic region. The ultimate strength suggests the maximum load carrying capacity of
the specimenTypical compressive stresstrainplots of three smart foam specimens are shown
in Figurel5. It is clear that the stres$rain curve can be characterized by 3 distinct regibims.
initial region (region 1)is a linear elastic regionn this region the foanundergoes elastic

deformation which is recoverable at room temperatlites is followed by a plateau region
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(region 2)which corresponds$o the densification of the foam materiand the last region
(region 3)corresponds tahe compaction and consolidat of the foam material, which may

include the crushing arfdrtherdensification of the microballoons.

Figure 14. Uniaxial compression of smart foam
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Figure 15. Typical compressive stres$ strain behavior for the foam
material
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Compared with regular syntactic foam, it is obvious that the deformation plateauregion
is much higherThis suggests that the smart foam would be able to absorb more impact energy
without disintegration.

Another batch of syntactic foam walsofabricatedwithout carbomanotubesThe purpose is
to evaluate the effect of carbon nanotubes on the mechanical properties ahdalaedf
efficiency. The foam was cured a9.4C for 24 hours, followed by a cycle at 107 for 3
hours andfinally at 121.PC for 6 hours Uniaxial compression tests were conducted on 5
effective specimensising the same €QEST150test machine setup as describeeéviusly.
Typical stressstrain plots are depicted in Figure XBompared to Figure 15, it is seen that the
tendencyof these twatypesof foams are similar. However, the one without carbon nanotubes
has a considerably higher yield strength and modulusladticity (the slope in region 1).
Therefore, it seems that the foam without carbon tubes is more suitable for carrying load. Of
course,bettermechanical propertieare justone side of the equation, sékalingefficiency is
another one. Therefore, in the following, both foams will be utilized in fabricating sandwich

structures to evaluate their impact response an¢healfng efficiencies.
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Figure 16. Typical compressive stress strain behavior for the syntactic foam with no nanotubes
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CHAPTER 3. MICROMECHANICS MODELING
OF MICROSTRUCTURE OF THE SMART FOAM

From chapters 1 and 2, it can be concluded that the smart foam possesses a multiphase
microstructure. The unit cell of the smart syntactic foam essentially consists of athfesst
phases. One is theolid shell of thehollow glass microballogrthe secod is the void within the
glass shell, and the third islayer of SMP coated omthe outer shell of the glass microballoon.
However, due to the interaction between the microballoon and the SMP, therbéenaay
interfacial transition zone (ITZ) or interple# between the glass microballoon and the SMP.
Hence the basic building block of the foam magsentiallyconsist of four phases. From inside
to outside, they may be void, solid glass shell, ITZ, and pure SMe.assumption of &our-
phase microstructe was further validated by the studies of ahd Li[104] andLi and Nettles
[105] by conducting Fourier Transform Infrared (FTIR) spectroscopy and Dynamic Mechanical
Analysis (DMA) of the pure SMP and the smart syntactic faaspectively. Based on tiseudy
conducted by Xwuand Li[104], by comparing the FTIR peaks of the pure SMP and the smart
foam, it was evident that there exist weak hydrogen bonds at the interface of the glass
microballoon and the SMP, possibly due to some chemical reactions bdheeenThe DMA
tests conducted hblyi and Nettles [105] characterized the glass transition temperatgy®{the
pure SMP and the smart foam. An increase in th@fTthe smart foam by about 2@ was
observedwhen compared with the pure SMP. Thsreasein the Ty can be attributed to the
layer of SMP that could be adsorbed around the vicinity of the glass microbatlossibly
through the weak hydrogen bond as evidenced by the FTIRTt@stis also in accordance with
the studies conducted by Berrittal.[103] in which they claimed thahe Ty can be shifted up

by more than 100°C when the polymer is confined at 1 nm from the interface aadely
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degrees Celsius at 10 nifthe effect becomes negligible at greater distariBesiot et.al. [18]

and Kaufman et.al. [@7] studied carbon black interactions with rubber by conducting Nuclear
Magnetic Resonance (NMR) tests. They concluded that theretwgistifferent micro domains

of the immobilized and mobilized layers and were able to determine the thickness of the
immobilized layer.Thus it is clear thathere is an ITZ layer in the building block atiee smart

foam consists of essentialigur phases.It is noted that it is very difficult to obtain the detailed
physical and mechanical properties of the ITZ layer. Therefore, in this study, we treat the ITZ
layer and the pure SMP layer to beegjuivalentSMP layer. In such a way, the foam becomes

an equialent three phases: void, solid glass shell, and equivalent SMP. The purpose of this study
is to obtain the size and elastic properties of the equivalent SMP layer so that the basic building

block of the foam can be better understood.
3.1 Micromechanics Modeling

Given the visceelastic and viscelastic nature of the SMP foam, along with damage such as
microballoon crushing, it is a challenging task to model the properties of the smart foam in the
three regions of the compressive stress versus strain pluss section will primarily quantify
the elastic properties of the smart foam in the liredastic region (region 1) of the strestsain
plots. A more detailed study on the constitutive behavior of the SMP based smart syntactic foam
can be found in #hstudies by Xu and Li [104].

A micromechanics based modeling of the smart foam was conducted by following the four
phase sphere modeling of concrete by Li. et.al. [108]. In that study, the effective bulk modulus of
concrete was evaluated based on the follase sphere modelhe model was solved by
embeddinga threephase unit celldggregatelTZ, and cement paste) into an infinite equivalent

concrete medium. Because the ITZ and the pure SMP layer has been treated as an equivalent
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SMP layer for the foamas shown in Fig. 17, the mode¢velopedby Li et al. [1@] can be

directly utilized.In Figure 17(a)t he mi cr obal l oon possesses an i
an outer radius denoted by f@Abo. This ana follc
|l ayer of the SMP with a radius of #Af dtreean be
phase system in Figure 17 (b)) with fAao and i

equivalent SMP layer around the glass microballoon.

Unit cell Equivalent unit cell

ITZ
\ Solid glass shell
[— :
f
Equivalent SMP
SMP Void

Figure 17.Four-phase foam been transformed into an equivalent threphase foam

3.2 Model Formulation

The glass microballoon is hollow with an inner radius of 41.69um (a) and outer radius of 42.5
um (b). The outer radiuwas obtained from thenanufacturer data she@®:cel 6014, Potters
Beads Inc.). The inner radiwsascalculated using equations for radius rdtig| Wwhich is defined

as the ratio of the inner radiga) to the outer radiugb) of the hollow glass microballoon. The
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radius ratb can also be expressed in terms of the densities of the glass microlfaligosind
bulk glass( ¢). The calculations leading to the estimation of the inner radius (a) of the glass

microballoon is given below.

a_ s _ Pmb

wherep,=140 kg/cniandp,=2540 kg/cr,

n:

o

Thus a= 41.69um and b=42.5um. From this the wall thickness of the glass microballoon can be
calculatedThewall thickness, w= ({a) = 0.81um.

The next step involved the estimationtohhe ef fective Youngds modu
SMP layer around the glass microballoon. The first step towards this route was to find the
thickness of t he equi val ent SMP | ayer, deno
microballoon (b) added to thaitkness of the equivalent SMP layer (h) will give the radius of
the equivalent SMP | ayer, Afco. This was done
below inEquation (3).

VSMP _ 4‘T[b2h

.(3)

where \&vp ard Vmp denotes the volume fractions of the equivalent SMP layer and the glass
microballoon respectively. From this calculation it was estimated that the thickness of the
equivalent SMP layer was b/2 = 21.25um. Thus c=b+h= 63.75um.

Now assuming the glass enbballoon as an equivalent particle (i.e., a homogeneous particle
with equivalent el ast i ¢ mpduluspfahe foanemn be sotledibya d i u s
embeddinghe unit cell in Figure 17 (b) into an equivalent infinite foam mediline model vas
resolved into a twqphase unit cell embedded into an equivalent infinite foam medium (Figure 18

(a)) plus an equivalent particle (Figure 18 (@g)in [108]
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Equivalent
particle

(a) (b)
Figure 18. Scheme to slve the modulus of the foam
Usi ng t heory o f elasticity [ 109] and Eshel
Christensen [111] proved that the effective bulk modirduBigure 18 (axan be predicted

by Equation @):

(Ke — K{)(b%/c?)
4

TR ¢
1+ [(1=b%/c?)(Ke = K1) /(Kq +3-G1)]

where kK is the bulk modulus of the model described by Figure 18 (a) and in this case is the
modulus of the equivalent smart syntactic foam obtained fraiaxial compression tests
performed on the smart foam in section 2.¢iskthe equivalent effective bulk modulus of

the equivalent particle in Figure 18 (ayhich can be solved by Equatiob) (in terms of
Figure 18 (b):

(K3 _ KZ)(as/bS) MEs EEE EES EEE mEG mEE SEE EES RS RS EEE wEE wEn
1+ [(1— a3 /63)(Ks — Kp)/(K; + 5 G,)]
47
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The terms a, b and c were described in the earlier paragraph, & andv; (i=1, 2, 3)
are the Youngdés modul us, bul k modul us, shear
SMP system i€l), solid glass microbllon shell (i=2) and thevoid of the glass
microballoon {=3) respectively. Kis taken to be zero in these equations because the
modulus of the voids zera Thus the only unknown is K which is the effective bulk
modulus of the equivalent SMP layer andiuthe glass microballoon. Once s determined

by solvingEquations 4) and &), andusingEquation @), we can find k.

E =3K(1-2v)

,,,,,,,,,,,,,,,,,

E =2G(1+v)

For the equivalent particle, Equatios) Can find the effective bulknodulus K. In order
to fully understand thiequivalent particleit is desired to know the effective modulus of
elasticity and effective Poiss@ratio. In a previous study, Nji and li{] havedeveloped a
formula to calculate the effective elastic aodus of the equivalent particle:

o Ba-2npP-d) ;
= T D T OB @ v (7)

where Ex is the effective modulus of elasticity of the equivalent solid glass microballoon, E and

var e, respectivel vy, the modulus of shellasdt i city

Afao and fAbo are the inner and outer radius of
Once the effective elastic modulugiEs obtained, the effective Poissirratio of the

equivalent particle can be obtained from Equatig®h. (The calculation results are

summarized in Table.2
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Table2. ElasticConsant s and P o iddferentpbases in the smart foarh

Layer YoungoOs Bulk Poi sson
Modulus E, Modulus K, Ratio, v
(GPa) (GPa)
Equivalent Solid Glass 1.94 1.29 0.25
Microballoon
Equivalent SMP layer 0.15 0.25 0.35
Equivalent SMP Foam 0.27 0.22 0.30

Based on Table 2, the equivalent smart foam is well quantified. Of course, if the ITZ
layer can be further defined and the parameters such as thickness of the ITZ layer are
obtained,a clearer picture of the foam can be given #mel unitcell of the smarfoam can

be better understood.
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CHAPTER 4. SMART FOAM CORED
SANDWICH *

The core plays a vital role in any sandwich construction. The core is responsible for
separating and fixing the skins, resisting transverse shear, carrptenim load®tc. The core is
also a good insulator of heat and shields electromagnetic radiation. It also helps in absorbing
impact energy, both low velocity and high velocity impact. But the core as a single entity is
brittle under impact loads due to the macro larsgtale damages induced in them. So a sandwich
construction with the core sandwiched between two polymer infused glass fabric skins will be
the most ideal configuration to protect the core from catastrophic failure (glass fabric skins helps
in containing he bending loads in the system). The glass fabric skins are also responsible for
eroding and breaking the projectile, thereby protecting the core lying beneath. The shape
memory polymer based syntactic foam can be used as a core material in compositehsandw
structural applications and thus the sandwich panel can actuate a healing process when triggered
by an external stimulus like heat. Therefore, the work in this chapter is primarily focused on the
fabrication methodology, impact, structural, morpholagiand visual characterization of a
sandwich structure incorporating the smart foam as the core.

This chapter can be sutivided into the following sections. (1) the raw materials and
fabrication methodology utiled in manufacturing the smart foam cored sandwich structure, (2)
thermomechanical programming of the smart sandwich coupled with post curing of the skin
infused with the SMP, (3) low velocity impact studies to determine the impact tolerance and
energy absding characteristics, (4) compression after impact studies on the impacted and

healed specimen to determine the residual strength and hence the healing efficiency; (5) non

*Reprinted by permission of
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destructive ultrasonic Scan evaluation of the impacted and healed specimen agnd (6

morphological and visual inspection of impacted and healed specimen.
4.1 Materials

The smart foam with carbon nanotube incorporation described in Chapter 2 was used as the
core for the sandwich construction.woven roving fabric 7725 (Fiber Glast) wased as the
top and bottom skin or face she&he warp and fill yarns run at 0 and 90 degrees respectively.
Thus these woven glass fabrics are strong in both directions. These woven glass fabrics have
high tensile strength, dimensional stability, high heasistance, chemical resistance, fire

resistance and durability when compared with other fabrics.

4.2 Smart Foam Cored Sandwich Fabrication

The sandwichpanelswere fabricated using Vacuum Assisted Resin Infusion Molding
(VARIM) system (Airtech). The whel setup is depicted in Figur® f{a) and the resin infusion
process is shown in Figure91(b) and (c). VARIM process involves the utilization of a
distribution mesh to uniformly distribute the SMP through the glass fabric skins. However, at the
same time the distribution mesh should not stick to the glass face sheet after curing. Hence a
porous teflon sheet was used in between the face sheet and the distribution mesh. This helped the
resin flow through the panel and at the same time go through the pores in the porous teflon and
wet the glass fabric sheet uniformly. On top of the sandwich ghaemesh was bonded to a
spiral wrap tube which in turn was connected to a tube for polymer infusion. A similar
arrangement of the teflon sheet and distribution mesh was also adopted at the bottom face sheet.
Meanwhile, the bottom tube from the mesh wasnexted to an excess resin collecting container

which in turn was connected to a vacuum pump. The whole system was put under vacuum using
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a vacuum bagging sheet. The vacuum pump pulls the resin through the skin and once the SMP

passed through the entirarskthe system was closed using valves at both ends.

(b) Infusion in progress (c) Infusion comple

Figure 19. VARIM system for SMP infusion

After leaving the system under vacuum at room temperature for about 15 minutes, the setup
was transferred into the oven for curing the skins. In order to maintain chemical compatibility,
the mlymer used in the skin was the same shape memory polymer as the foam core. The cured

thickness of the skin was 0.736mm. The glass fabric sheet skins infused with the SMP was cured
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following a similar curing cycle as that of the SMP based syntactic foae Acunique feature

of this manufacturing process is that the curing of the sandwich face sheet was coupled with
programming of the SMP foam core (shape fixityhape fixity and recovery will be discussed

in section 4.3The foam cored sandwich panelsttwa dimension of 152.4mm 101.6mmx
12.7mm were prepared for impact and $ealing tests. This particular dimension was selected

in order to conduct compression after impact test per thdackiing test fixture.

4.3 Thermomechanical Programming

The shape fixity or programming of the smart foam core was coupled with the curing of the
sandwich panelsShape fixity can be defined as the level of deformation that may be fixed upon
cooling of the deformed material to room temperature. In this stgthes-controlled
programming with a constant compressive stress of 0.05MPa was used, instead of the regular
straincontrolled programming. The programming process started by heating the sandwich panel
to 75C. After that, the pressure of 0.05MPa was appliedthsy vacuum system. This
temperature and pressure was maintained fdid2#s. Then the temperature was raised &€ 90
and maintained for Bours. The sandwich was then heated up t6Q@nd the temperature was
maintained for another Bours (Step 1). Aéir that the sandwich panel was cooled down to room
temperature in about iBours while maintaining the stress level (Step 2). Adt&hour at room
temperature, the pressure was removed (Step 8% dompleted the threstep shape fixity
process and theasdwich panels were ready for impact testing.

In order to examine the shape recovery capacity, the fourth step was also conducted on a
control sandwich paneShape recovery can be defined as the level of deformation that can be
regained upon heating abotlee Ty of the materialThe sandwich panel was heated up again to

100°C to determine the shape recovery without applying any stress (free or unconstrained shape
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recovery). In order to quantitatively obtain the f@tep thermamechanical cycle, straigages
were installed along the edges of the control sandwich panel in the thickness dir€htsn
helped in determining the strain in the thickness direction

A Yokogawa DC100 device was used to monitor the changes of strain with time and
temperature. AAQ 32 plus software in conjunction with the data acquisition system was used
to record the strain and temperature data. The temperature was monitored with the help of
thermocouples connected to the same device. The Yokogawa DC 100 strain and temperature
measurement setup along with the strain gage attached sangeaimen is depicted in Figure
20 (a). Figure 20 (b) gives a clearer picture of the strain gage attached to the smart foam cored
sandwich structure in the thickness direction. The strain g&glsay Micromeasurements Inc.)
were rated at a resistance of 86f0.3% and a gage factor of about 2.105+£0.5%. The permissible

strain limits on this gage was abou5% of strain.

y T

v b

B

A
)

—

(a) Yokogawa DC 100 Data Acquisitiol (b) Strain gage attachedtiee sandwich
specimen in loading/thickness directior

Figure 20. Yokogawa DC 100 data acquisition system and strain gage

In the literature, the shagixity and recovery rates are determined in terms of strain during

the thermomechanical cycle by Equation[@]]:
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Q) e W
R(N) = = andR,(N) = o Ty e (8)

where N is the number of thermomechanical cycles (N=1 in FigureRR13;the shape fixity
rate;enm Is the predeformation strain (strain at the end of Stepeg)s the temporary strain fixed
(strain at the end of Step F; is the shape recovery rate; ands the permanent strain (strain at
the end of Step 4).

The fourstep thermamechanical cycle of the smart foam cored sandwich in the loading

direction (abng the thicknessyith stress, strain and temperature along the 3 differentiaxes

shown in Figure1.

Figure 21. Four-step thermomechanical programming cycle
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From Figure21, it is found that the shape fixity raf = (529x 10° mm/mm) / (534x 10°
mm/mm) = 99%. The shape recovery rBte (534x 10° mm/mmi 13x 10° mm/mm) / (534x
10° mm/mm- 0x 10° mm/mm) = 97.6%. From the above calculation, it is clear that the shape
fixity rate is close to 100% and the shape recovery rate is very high, suggesting good shape
memory functionality othe smart foam. Also, an inflection point is found in the shape recovery
step (step 4) around the glass transition temperature of the SKB).(62

The shape fixity results indicate that the smart sandwich structure was able to store a majority
of the stran introduced into the system during the high temperature deformation process. A
value of shape fixity close to 100% is also an indication of minimal syix@og of the specimen
during the low temperature unloading process. This is very important betanaatains the
shape stability of the specimen. Shape recovery values were also close to 100%, indicating good
shape memory behavior of the smart foam cored sandwich. This result suggests that the shape
memory functionality of the smart foam has a greateptial to seal internal damage upon

heating.
4.4 Low Velocity Impact (LVI) T ests

Low velocity impact has been a critical problem in composite structures. Tool drops, runway
debris, etc are examples of low velocity impact incidents. The finished sesanade up of
these composite materials could be subjected to low velocity impact events at the time of
transportation or in service. For instance the foam materials / sandwich structures may be used as
a layer beneath a bumper layer to absorb energy edcp the more important and vital part
beneath. During a high velocity impact event like a bullet shot, the bumper layer gets shattered
and the broken pieces will hit the underlying sandwich foam. This simulates a low velocity

impact event in the sandwic But these types of damages could be invisible and they cause a
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reduction in the residual strength of the sandwich. So it is essential to conduct LVI tests on these
sandwich structures and also do compression tests after impact to evaluate theirgtesilytal

All the low velocity impact tests were performed with the help of an Instron Dynatup 8250
HV drop weight impact machine. The Dynatup machine shown in Figaiie also equipped
with an impulse data acquisition system. The fixture on which timplsawas mounted is housed
within an environmental chamber at the bottom of the drop tower which can be heated or cooled
according to the requirements. The impact energy and velocity can be varied by changing the
mass and the height of the drop weight. Tihmpactor is hemispherical in shape with an
instrumented tup of capacity 15.56kN and a diameter of 12.5mm. Transient response of the
specimen includes the velocity, deflection, load and energy as a function of time. The machine
also possesses a velocityteldor that measures the velocity of the tup before it strikes the

specimen. Pneumatic brakes are also provided which prevent multiple impacts on the specimen.

Figure 22. Low velocity impact machine
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The maximum impact force, maximum deflection, and impact duration were directly obtained
from the load and energy traces. The initiation energy and propagation energy were calculated
based on treetraces. Impact emgy corresponding to the maximum impact force is defined as
initiation energy. Propagation energy is defined as the difference between the maximum impact
energy and the initiation energy. These definitions have been used previd1$8; B4]. It has
beensuggested that the initiation energy is basically a measurement of the céyattieytarget
to transfer energy elastically and higher initiation energy usually means a higher load carrying
capacity; on the other hand, the propagation energy represergsergy absorbed by the target
for creating and propagating gross damage.

Low velocity impact tests were performed on each sandwich panel at the same impact
location (center of the panel) repeatedly using drop tower impact machine at a \@&fi&citys
and a hammer weight of 6.64) per ASTM D 2444. This is equivalent to about 30 Joulkes
energy After each impact cycJeéhe sandwich specimens wetaken into an industrial oven for
performing the recovery/healing proces®No external confineent was provided when the
impact damaged sandwich was recovebgdheating the sandwich specimen to A®dor 3
hours. However, it is noted that recovery was not free for the foam core. The reason is that the
damaged form core was partially confined bg gkin and by the surrounding undamaged foam.
Therefore, this was a partially confined recovery test.

Typical load and energy traces are shown in Figuse The maximum impact force,
maximum deflection, impact duration, initiation energy, and propagaimargy after each
impact are summarized in Figurd.Zrom Figure 2, the impact response is statistically the
same for each round of impact. This suggests that the damage induced by each impact has been
effectively healed by the shape recovery proces® impact tolerance has been effectively

recovered by selfiealing. Actually, it seems that the impact tolerance after theo@ind of
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impact is slightly better than that after thé rbund of impact, as indicated by slightly higher
initiation energyangd | i ght 1y | ower propagation energy.
repeated impact and healing cycles may have adjusted the microstructure of the foam, making it
more beneficial for impact tolerancghis fact is also reflected in the-s€an imagess will be
described in section 4.8inother possible reason is the posting effect caused by the healing
process, which was conducted foh@urs at 108C for each healing cycle. This will be discussed

further in section 4.5.

Load-1 -0.0438 N Time-1 88366 ms Energy-1 332433

3000
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Load-1 (kiN)
Energy-1 (J)
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000 100 200 300 400 §00 6.00 700 800

Time-1 (ms)

Figure 23. Typical Load-Energy versus time plots
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Figure 24. Impact response of the smart foam cored sandwich panel
under multiple impacts

4.5 Compression After Impact (CAl)

Low velocity impacts might not create any damagsible to the naked eyem the sandwich
structure. In practice, however, this type of damage can adverdett #ie strength of the
sandwich and hence result in low residual load carrying capacity. To have a better understanding
of the residual strength in the sandwich structure, generally compression after impact or bending
after impact tests are performed ome impacted sandwich specimen. This will help in
determining the residual compressive strength or bending strength in the specimen and hence in
determining their permissible stress levels.

The testing was conducted using TS QTEST 150machine and théixture used was a
ABoeing Compression after | mpact Compression
controlled testing modexperimentwasconducted at room temperature and the loading rate was
1.3mm/min. Each testwas conducted ob effective specimens. For comparison purposes, 5
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effective specimens without impact were also tested using the sardsuekitng fixture as
controls. Figure 25 depicts the compression after impact test setup for the smart foam cored

sandwich.

The typical CAl stress versus strain curves for CAl tests conducted on the control (without
impact), after  impact and1® healing, and after "7 impact and ¥ healing of the smart
sandwich specimens are shown in Figure R®m Figure 26, the compressive modulus, yield
strength and ductility (strain corresponding to the maximum stress) values are obtained. It is
found that the modulus for the*limpacted, 1 healed and 7 impacted specimen reduced to
85.04% (556 MPa), 94.04% (614 MPa) and 95.4% (623 MPa) of the original unimpacted control
specimen (653 MPayespectively. On the other hand the modulus for thdéalel specimen
increased to 110.9% (725 MPa) of the control specimen.

Figure 27 shows the variation of the residual yield strength with up to 7 consecutive-impact
healing cycles.Two observations can be made: (1) each impact considerably decreases the CAl

strength as compared to the control specimens.
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Control (Without Impact)
1st Impact
1st Healing
7th Impact
7th Healing

Stress (MPa)

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Strain (mm/mm)

Figure 26. Typical CAl stress versus strain plots for various impact
and healing cycles
Also, the CAl strength gradualilyecreases as the impact cycle increases until'thmgact

cycle. For the ¥ impact cycle, a significant rebound in CAl strength is observed; (2) each
healing cycle recovers a considerable portion of the compressive strength lost due to impact.
However the healed specimens still have a slightly lower strength than the control specimen.
This tendency holds true until thd ®ealing cycle. For the'7healing cycle, its strength after
healing is higher than the control specimens. Tlyesditativeobsewvations can also be detailed

by quantitativeanalysis.The following quantitative estimation can be concluded from Figure 27.
For instance the CAl vyield strength after the® impact is about 83.9% of the original yield
strength without impact (control epimens, 12.23MPa); aftef healing, the yield strength is

about 93.8% of the original strength. This
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Figure 27. Variation of CAl yield strength with impact -healing cycles

suggests that the séitaling has recovered a major portion of the lost strength. After'the 7
impact, the CAl yield strength is about 94.9% of the original yield strength; aftel theafing,

the residual strengtls about 113.6% of the original yield strength. This suggests that after 7
rounds of impachealing cycles, the sandwich specimens are actually gaining some strength.
This result echoes the impact test results, i.e., at thempacthealing cycle, the salwich

panels are becoming better in resisting impact damage. It is believed that the healing process
may have coupled with the pestiring of the foam.

As mentioned previously, the curing time for all the specimens aC1@as 3 hours. Because
each spemen was reheated to 1 for three additional hours during each healing cycle, the
specimens subjected to different imphaetling cycles experienced different exposure time at
the curing temperature of 1. This is called as posuring in this studyFor example, for the

specimens subjected to the first imphetling cycle, the posturing time is 3 hours; for
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specimens subjected td" Yound of impactealing cycles, the poesuring time is 21 hours. In
order to understand the pasiring effect, uraxial compression test was conducted on a group
of block foam specimens which experienced various additional-quosty time periods
simulating the actual high temperature healing. The temperature was fixed®at dti) the
period of postturing was equao the time period of healing. One group of 5 specimens was
postcured for 3 additional hours to simulate thehialing cycle; another group of 5 specimens
was postcured for 21 additional hours to simulate the total healing hours up td"theafing

The specimen size was the same as thewfls¢ specimens and the test was conducted per
ASTM C365. The test results show that after the 3 additional hours octpast), the average
yield strength of the foam is 5.10MPa, which is about 0.81MPa loveer tthe regularly cured
specimens (5.91MPa). This reduction may explain why the CAI strength of the sandwich
specimens after®lhealing is only about 93.8% of the original strength. If the reduced strength of
0.81MPa were added to the yield strength ofsuedwich specimens aftet healing (0.81MPa

+ 11.44MPa = 12.25MPa), it is clear that tfiengaling would fully recover the original strength
(12.23MPa). After 21 hours of additional passiring, the yield strength of the foam becomes
7.60MPa, which isbout 7.60MP4a 5.91MPa = 1.69MPa higher than the regularly cured foam
without additional posturing. This additional gain in strength is obviously due to the-post
curing effect. If this additionally gained strength is removed from the sandwich paerelaft
healing (13.90MPa& 1.69MPa = 12.21MPa), it is clear that this corrected yield strength is close
to the original strength (12.23MPa) (control sandwich panels). From e images, it is
clear that both impact and healing change the microsteuctiuthe foam. The reduction in the
yield strength of the foam after 3 additional hours of ywosing may be due to the changed
microstructure which is unfavorable for the strength development. Of course, further study is

needed to fully understand the chanism.
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4.6 Ultrasonic and SEM hspection

Ultrasonic inspection was performed on all specimens both after impact and after healing for
each impachealing cycle using a 1MHz transducer for the foam cored sandwich. An UltraPac
inspection machine from P&igal Acoustics Laboratory was used in conjunction with UltraWin
software to acquire the-&can images and identify damages. Scanning electron microscope
(SEM) observation of micrength scale damage was conducted using a JEOL-8¥&M

scanning electron iwroscope The Ultrapac inspection machine is shown in Fig8e

=

Figure 28. Ultrapac ultrasonic C-scan equipment and a typical Gscan Image

The impact damage can be visualized bydan and the damage at midemgth scalean be
observed by SEM. Figure 2Zhows the &can results of one sandwich panel before impact, after
1% impact, after T healing, until after # impact and 7 healing.In these puls@cho Gscan
images, red color represents an excess of 80% of the signal returning to the receiver, whereas

blue color indicates that 580% of the signal is being received. White color represents a
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complete attenuation of the ultrasound sigor 0% of signal received. Therefore, the white spot
at the center of the specimen indicates a certain type of damage.

Two observations can be made: (1) the damage after each impact has been effectively healed,
as evidenced by the removal of the whipdts (2) the microstructure has been changed after
each impachealing cycle as indicated by the change of the color distribution. These
observations are supported by the impact responses, which show that the healing has helped the

sandwich panel not onkgcover, but also slightly enhance its impact tolerance.

Before impact after 1% impact after 1°* healing
nd . nd 3 d . d 2
After 27 impact After 27 healing After 37 impact After 37 healing
th . th p th . th 5
After 47 impact After 47 healing After S impact After 5 healing
th . th : th . th >
After 6 impact After 6 healing After 7 impact After 7 healing

Figure 29. C-scan images of the sandwich panels after each impact and healing
Figure30 shows a comparison of a microcrack in the foam core immediately after impact and
immediately after healing. It is clear that the microcrack length has been reduced and the
microcrack opening has been narrowed after healing. It is noted that during hisalsgmple,

the shape recovery is strdsse, i.e., unconfined free shape recovery. In the sandwich panel, the
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foam core directly under impact is partially confined by the skin and by the surrounding
materials. Therefore, the confinement may produceriinestress which may help in pushing

the microcrack from two sides and thus may help close the crack. In another word, the
microcrack in actual sandwich panels may have a better healing effect than that Sgenein

30.

- Crack aftey
o ‘healing” "2

800um

Figure 30. SEM pictures showing the effect of healing on the microcrack

A visual inspection of the impacted sandwich specimen was also conducted after each impact
healing cycle. The visugbhotographs corresponding to the unimpactétiadd 29 impact
healing cycles are shown iRigure 31. specimen. It is also seen that the damage has been
effectively repaired or healed by each healing cycle. These visual inspection pictures echoes the
C-san and SEM observation and suggests a high efficiency of healing by shape memory

functionality.
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After first healin

After second impact After second healing

Figure 31. Visual Inspection of healing efficiency
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CHAPTER 5. GRID STIFFENED SMART
SYNTACTIC FOAM CORED SANDWICH

As discussed in the introduction chapter, most of the conventional cores used in sandwich
constructions (foam core, web coreD3core etc.) suffer from some limitations one way or
arother. The brittle nature of the foam core due to macro length scalegdsmanproper
bonding of the skin to the core in web cores and pile bucklingbnhc®res are some of the
disadvantages of the existing cores. This makes the hybrid core a suitable candidate for
manufacturing sandwich structures. As a result special emspgagiven to grid stiffened
structures in this study. The previous works by Li and Muthyala [54], and Li and Chakka [55]
have shown that grid stiffened structures can perform in a better way by containing the impact
damage in a quastatic manner. Sohé primary objective of this chapter is to fabricate, test and
evaluate the healing efficiency of a grid stiffened sandwich structure with an SMP based
syntactic foam filled within the bay areas of the grid. This makes the grid structure respond to
damagedsn a smart way. The quasiatic behavior of the sandwich under impact is also validated
in this study.

This chapter mainly discusses the fabrication of grid stiffened sandwich structures and the
characterization procedures employed. Also, it is furtbbidsvided into the following sections.

(1) materials used and the fabrication methodology employed for manufacturing the grid
structures, (2) 3step thermomechanical programming to two differentgprain levels (3% and
20%), (3) low velocity impact tés (two different energy levels, 30 J and 53 J) at the same
location (center of the bay) until 7 rounds of impact and healing, (4) two different routes of
healing(in-plane 2D confinement by the grid skeleton anddXonfinement by the grid skeleton

and he external transverse confinemetat compare the healing efficiency achieved, (5) wave
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propagation within the bay area of the sandwich with the help of strain gages attached to the
specimen to validate the claim of a qusisitic response in the grid f&ned sandwich,

(6) compression after impact tests on the impacted and healed specimen and (7) ultrasonic C
scan imaging and visual observations of the healing efficiency achieved by the two routes of

healing employed.
5.1 Materials

Glassfiber rovings (Saint Gobain) were used finy weaving the ribs of the grid skeleton
The fiber rovings have a modulus of elasticity of about 70GPa and tensile strength of 1700MPa.
They possess very low thermal conductivity and possess high corrosistanmesi Awoven
roving fabric 7725 (Fiber Glast) was used as the top and bottom skin or faceT$teshape
memory polymer with glass microballoons (smart foam) was filled in the bay area of the grid

stiffened sandwich structure.

5.2 Grid Stiffened Smat Syntactic Foam Sandwich Fabrication

The grid skeleton was made by a dry weaving process similar to th&djnlpitially pins
were nailed down on aheetrockboardsuch thatthe space between the nails wz1.0 mm
which corresponds to the length and width of the bay area. After nailing down the pins, a layer of
teflon was put on the board and then the 7725 glass fabric was laid on top of it. Then the fiber
roving was dry wound around the pimsan orthogonal fasbn. In other words, no resin was
used along with the fiber for the weaving process. The fiber weaving pattern and the finished
grid stiffened sandwich structure can be seen in Fig§dré'he smart syntactic foam was then
prepared and poured into the bagarThe smart foam consisted only of the glass microballoons
and the SMP. The MWCNTs were not included because the foam with nanotubes and glass

microballoons did not perform better than the foam with the glassoballoons onlyHence the
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time involved n fabrication of the smart foam was reduced considerably asVnellnext step
involved placing the top skin (7725 glass fabric) and closing the whole system with a vacuum
bag (Airtech). After running the vacuum for about 15minutes the system was tnatsfato an
industrial oven for curing at 79@ for 24 hours, followed by a cycle at 107Qfor 3 hours and
121.7C for 6 hours to completéhetotal curingprocedure This modified curing cycle was used

to avoid excessive heating of the specimen inaven at the higher temperature and thereby

resulting in loss of the foam due to its highly volatile nature.
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Figure 32. Grid weaving, fabrication and finished grid stiffened sandwich structure

A total of 17 different groups of specimens depending on the 2 prestrain levels of
programming, 2 types of confined recovery, 2 impact energy levels, and 7 rounds of
impact/healing cycles were fabricated, tested and agdlyEach group contained at least 5

effective specimens. The total number of effective specimens was 105. The nomenclature used
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for each group of specimens is as follows: NP means control specimens without programming; P
means control specimens after pagming; C1 means compression after first round impact;
C1FR1 means compression after first round impact and first rotcc@fined recovery (or
6free recovery (FR)O6 without external <confine
impact and firstround 3D confined recovery (or 6confined
compression after third round impact and third rourd 2onfined recovery; C3CR3 means

compression after third round impact and third rouid @nfined recovery; etc.

5.3 Thermomechanical Programming

In order to make the sandwich smart, they were subjected to a thermomechanical
programming cycle. A compression molding fixture with a top platen and a bottom platen was
employed for the programming process. The top platéxed and the bottom platen was moved
with the help of a lever. The top and bottom platens were heated separately with different control
knobs. The specimen was first inserted between the two platens. Then the platens were heated
until the temperature reled 79.4C (above the Jof the SMP62°C). Once the temperature in
the specimen became uniform; it was compressed to the designed displacement (depending on
the prestrain levels) by moving the bottom platen up. The displacement was measured with the
help d an LVDT (Cooper Instruments LDT 200 series) system, which has a stroke length of
about 3 inches attached to the top platen and measured the movement of the bottom platen. The
displacement was recorded on a Data Chart 2000 series data acquisition $ysteactorded
data was posgprocessed to an ASCI file for analyzing the data. Once the specimen was
compressed at 79@ to the designed prestrain level, the heating was stopped and the platens
were allowed to cool down to room temperature while maintaitfiegprestrain constant (strain

controlled programming). Once room temperature was reached, the platens were released and the
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straincontrolled programming was completed. In this study, two prestrain levels, 3% and 20%,
were used to program the specimerespectively. The purpose was to investigate how the
prestrain levels affect the healing efficiency. Also, these two strain levels resided on the linear
elastic region and plateau region of the foam, respectively. The programming setup is shown in

Figure33.

LVDT

LVDT rod coming
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LVDT data

acquisition system
measuring

displacement

Figure 33. LVDT setup for Thermomechanical Programming

5.4 Low Velocity Impact (LVI) Testsand SelfHealing

Except for control specimens, low velocity impact tests were performed on each programmed
specimen at the same impact location (center of the specimen) repaa@djyan Instron
Dynatup 825V drop tower machine. The tup nose is sepiierical with a radius of 1&nm.

The impact velocity was respectivelyn8s and 4m/s with a hammer weight of 6@y leading
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to impact energy of 30J and 53J. The test was comdiugeg ASTM D 2444 at room
temperature. For each impact at least five effective specimens were tested and the load and
energy traces were obtained. The maximum impact force, maximum deflection, and impact
duration were directly obtained from the load anckrgg traces. The initiation energy and
propagation energy were calculated based on the traces.

The recovery/healing for the grid stiffened sandwich structures were done following 2 routes.
After each impact, one set of the specisiaas brought to an ovefor shape recovery (P
confinedrecovery/healing) at a temperature of 121.1°C foo@s Another set was healed in a
3-D constrained way. This was performedtire samecompression molding equipment with
both the top and bottom platens heated to tly@ired temperature and both of them were in
contact with the specimen thereby preventing free recovery. This setup will make the specimen
recover in a D confined way. The same process of impact and healing was continued until 7
rounds.

Impact energy idissipated in terms of energy transfer (elastic strain energy and kinetic
energy), energy absorption (through damage and plastic deformation), temperature rising, and
sound. Usually, energy transfer and energy absorption constautesjor partof energy
dissipation. In some cases with perforation, energy absorption through temperature rising is
considerable. As for the energy dissipation through sound, the amount of energy consumed is
minimal. It is noticed that the energy transfer and energy absorpatiohe obtained through the

energy traces in terms of initiation energy and propagation energy.
54.1 Low Energy Impact (30 J

The temperature profile immediately before and after impact of the smart sandwich specimen
is shown in Figurg4 (a) and (b) respectively. It can be noticed that, with an incident energy of

30J, the maximum temperature rising is only’@.5This temperature is not sufficient to trigger
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the phase change in the smart polymer because the temperature immediately after impact
(24.8°C) is still much lower than the glass transition temperature of the SME)(&iggesting

that the orthogrid stiffened smart foam under impact is still in its glassy state.

(b)

Figure 34. Infrared image showing temperature profile of smart sandwich
specimen (a) immediately before impact and (b) immediately after impact

Figure & (a) and (b) shows the effect of 7 rounds of impact and healing on the maximum
load, initiation energy and propagation energy obtained from the LVI tests for 3% and 20%
programmed specimens, respectively. Therebar represents standard deviation. The effect of
different levels of prestrain programming can be visualized. From Fidi{eg, 3he maximum
impact load for the 3% programmed specimen is constant within the experimental errors after 7
rounds of impactand healing. This suggests that the recovery process (bbthar&d 3D)
employed was able to effectively heal the damage induced due to each cycle of impact. On the
other hand, the initiation energy keeps increasing until theodnd of impact and thers ia
constant until the "7 round. The propagation energy follows exactly the opposite trend when
compared with the initiation energy. These LVI results strongly support the claim that the load
carrying capacity is effectively recovered and better healffigjesncy has been achieved. The

impact behavior for the 20% prestrained specimen also follows a similar trend. However, it is
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found that the maximum impact load for the 20% prestrained specimen (7.27 kN) is about 17%
higher than its 3% counterpart (6.2R)k This suggests that the increase in the prestrain level
enabled an increase in the load carrying capacity of the sandwich structure.
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Figure 35. Effect of programming strain levels on the impact responses

Table 3 summarizes the deflection at peak load, initiation energy, propagation getwtajy
energy and total timdor the 3% prestrained30 Joules impacted grid stiffened sandwich
structure for seven cycles of impact and healkrgm Table 3, it can bseen that the deflection
at peak load increases from the first impact until the third iripaaling cycle and then remains
more or less a constant till the end of the seventh round of impable 4 summarizes the
deflection at peak load, initiation eggr propagation energy, total energy and total time for the
20% prestrained sandwich specimen impacted at 30 Joules of energy for seven impact healing
cycles.From both tables it can be seen that the deflection at peak load increases as the impact

cycles ncreases, showing the specimen is undergoing more damage.
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Table 3. Low Velocity Impact Results of 3% prestrained sandwich impacted at 30 Joules

Number of | Deflection at Total
Maximum | Initiation Total Propagation

Impact Peak Load Time

Load (kN) | Energy (J) | energy (J) | Energy (J)

Cycles (mm) (ms)

1 4.13 6.29 1820 3142 13.22 4.87

2 5.61 6.3 21.38 31.58 10.20 5.19

3 6.20 6.17 23.38 32.02 8.65 5.26

4 6.19 6.08 24.11 31.70 7.59 5.27

5 6.27 6.09 24.13 31.71 7.58 5.13

6 6.15 6.3 24.5%6 31.70 7.26 4.93

7 6.21 6.13 23.96 31.% 7.60 5.04

Table 4. Low Velocity Impact Results of 20% prestrained sandwich impacted at 30 Joules

Number of | Deflection at Total
Maximum | Initiation Total Propagation

Impact Peak Load Time

Load (kN) | Energy (J) | energy (J)| Energy (J)

Cycles (mm) (ms)

1 4.26 7.20 19.04 31.64 12.61 4.44

2 4.75 7.29 20.14 31.%4 11.70 4.70

3 5.11 7.15 21.36 32.1 10.75 4.77

4 5.22 7.22 22.M 31.67 8.89 4.83

5 5.10 7.54 22.11 31.71 9.60 4.49

6 5.19 7.29 2320 31.68 8.48 4.57

7 5.27 7.23 22.13 31.6l 9.47 4.66
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On the other hand, the consistency in the peak load shows that most of the damage has been
recovered effectively by the healing process employéd.deflection at peak load from Table 4
indicates an increment from impact cycle 1 until impact cycle 3. This follows a similar trend as
for the 3% prestrained specimen. After théc3cle, the deflection is more or less a constant.

Also the deflection values of the 20% prestrained specimen are less than that of the
corresponding 3% prestrained ones. This shows that the 20% prestrained specimen were capable
of taking equivalent load® the 3% prestrained specimen with less deflection.

A better visualization of the aforementioned results can be sdeégure 36. Figure36 shows
a typical load and energy ers time plot for the 3% and Zprestrained specimen after the
first round ofimpact. It can be seen that the 20% prestrained specimen shows a higher load when

compared with its 3% counterpart.
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Figure 36. Load and Energy versus time plots for 3% and 20% prestrained sandwich
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This fact was emphasized kigure 35 and is more clearly evident from the typical load and

energy versus time plois Figure 36
5.4.2High Energy Impact (53J)

In order to evaluate the effect of impact energy or the degree of damage on-tieakedf
efficiency, a higher impactenergy (53) impact testwas alsoconducted Because it was found
that specimens programmed by 20% prestaaid recovered under3 confinement had better
healing efficiency than specimens programmed by 3% prestrain and recovered dhder 2
confinement as discusgd in 5.4.1 only specimens programmed by 20% prestrain and recovered
under 3D confinement was testl by the higher energy impact.

Figure 37 shows the effect of higher energy impact on the maximum impact load, initiation
energy and propagation energy of 20% programmed dh@@fined specimend.he error bars
represent the standard deviatidncan ke noted thathe maximum impact force reduced from
8.11 kN for the first impact cycle to 6.71 kN for th8 ithpact cycle. This reflects a decrease in
the load bearing capacity by about 17%. Also, the initiation energy was almost constant and the
propagatn energy decreased slightly as the impact/healing cycle increased. This is again an
indication of the reduction in the load bearing capacity due to impact by a higher energy. The
slight reduction in propagation energy suggests that the healing effici&ascgecreasing as the
impact cycle increased, because the foam that was not fully healed could not further absorb
impact energy through damage. These findings will be further validated in se@&ion

Table5 summarizes the deflection at peak load, maximioad, initiation energy, propagation
energy, total energy and total time from the low velocity impact tests until seven rounds at 20%

prestrainand 53Joules of energy.
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Figure 37. Effect of 7 rounds of impacthealing cycles orthe maximum impact load (kN),
initiation energy (J), and propagation energy (J)

From Table5 it can be seen that the deflection at peak load increases with the number of
impact cycleslt can be noticed that the 20% prestrainedcgpen impacted at a lower energy
(30J) had less deflection when compared with the 20% prestrained specimen impacted at higher
energy (53J)Thus the sandwich panels impacted at the higher energy (53J) resulted in more
damagedegions when compared withelonesmpactedat alower energy (30J).

The corresponding load and energy versus time plots for the first and seventh rounds of
impact are depicted in FiguB8 to show the reduction in peak load after the seventh round of
high energy impactThere is a ansiderable reduction in the peak load for tHeimpacted
specimen when compared with th& dne. This could be due to partial healing resulting in

absorption of less impact energy.
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Table 5. Low Velocity Impact Results of 20% pestrained sandwich impacted at 53 Joules

Number of | Deflection at Total
Maximum | Initiation Total Propagation

Impact Peak Load Time

Load (kN) | Energy (J) | energy (J)| Energy (J)

Cycles (mm) (ms)

1 5.49 8.1 28.21 52.19 23.8 4.65

2 5.68 7.56 28.12 51.28 23.15 4.71

3 6.03 7.42 29.3 51.70 22.12 4.85

4 6.12 7.15 29.% 51.19 21.93 4.91

5 6.62 7.37 28.86 51.26 22.41 4.75

6 6.9 6.97 30.0 51.17 21.0 511

7 7.01 6.71 31.4 5110 19.66 4.9%

Figure 38. Load and Energy versuslime plots for 53 Joule impacted sandwich
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