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ABSTRACT  

Syntactic foams are composite materials synthesized by dispersing microballoons in a 

polymeric, ceramic or metallic matrix. In the past three decades, syntactic foams have gained 

immense importance as a lightweight and damage-tolerant material when used in foam-cored 

sandwich structures. Because of the structural-length scale damages by low velocity impact such 

as tool drops, runway debris etc., sandwich structures usually have a very low residual structural 

capacity. Unfortunately, macro-length 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 self-healing syntactic foams which can be used as a core in sandwich structures. 

In this study, a new shape memory polymer (SMP) based syntactic foam was proposed, 

fabricated, characterized, and tested using DSC, TEM, SEM, and stress-controlled 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 linear elastic region. An orthogrid 

stiffened SMP based syntactic foam cored sandwich was then fabricated, programmed, impacted, 

healed (sealed), and compression tested, for the purposes of sealing impact damage. Two impact 

energy levels (30J and 53J), two prestrain levels (3% and 20%), and two confinement conditions 

(2-D confined and 3-D confined) were used in the low velocity impact test, strain-controlled 

programming and constrained shape recovery, respectively. C-scan and visual observation were 

also conducted to visualize 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 and the hybrid sandwich structure are able to heal (or seal) 
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structural-length scale damage (here impact damage) repeatedly (up to 7 rounds of impact-

healing cycles), efficiently (with a healing efficiency over 100%); and almost autonomously (the 

only human intervention is by heating). This study lays a solid foundation for the next generation 

of smart self-healing composite structures in engineering applications.   

 

 



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 matrix; see Figure. 1.  Enormous work has been done in the 

field of syntactic foams since 1960s. 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 expanded to include polymer and metal hollow particles, rubber particles etc. to 

form three phase and four phase systems [1]. These multi-phased syntactic foams were aimed at 

applications that make use of the high specific strength properties, energy absorption 

characteristics, biocompatibility and flame retardant properties. Due to these innovations, 

syntactic foams have found applications in aerospace, automobile, transportations and 

biomedical fields.  

 

Figure 1. SEM image showing the microstructure of a syntactic foam 
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The physical and mechanical properties of these foams can be modified to suit the 

requirements of particular applications. These requirements in the material properties of the 

foams can be achieved by incorporating various reinforcing/filler materials. Varieties of foams 

have evolved through the incorporation of different filler materials like nanoparticles, short 

fibers, crumb rubbers, 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 foams are related 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           

1-500µm with a wall thickness of 1-4 µm. 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 cost. A comprehensive study on syntactic foams was 

reported by Shutov [6]. Concerning the mechanical behavior, syntactic foams display uniaxial 

compression strengths up to 100 MPa, hydrostatic compression strengths up to 150 MPa, 

uniaxial tension strengths up to 25~30 MPa and tensile Young's modulus up to 2500~3000 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 fraction. An experimental investigation on 

the tensile strength and modulus of glass microballoon based syntactic foams were carried 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 fraction. They concluded 

that the tensile strength enhancement was related to the matrix properties rather than the 
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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 that the Youngôs 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 validates this claim [10]. This 

emphasizes the importance of fibers as reinforcing materials in foams. Hence these foam 

materials with glass fibers can be used as a better core for sandwich structures in structural 

applications. Alonso et.al studied the mechanical performance of short fiber reinforced syntactic 

foams [11]. They used chopped glass and aramid fibers as the fiber reinforcements. Mechanical 

performance was measured using compression and shear tests. They concluded that the 

mechanical performance of the fiber reinforced foams was enhanced, and the aramid fiber 

performed better than the glass fibers. The compressive modulus of the fiber reinforced foams 

was also found to be higher than that of the fiber free syntactic foams. The compressive 

properties of chopped fiber reinforced syntactic foams were studied by Karthikeyan et.al [12]. 

The values increased with the content of fibers, thus emphasizing the influence of both densities 

and load bearing capacities of fibers on the compressive properties of these systems. Syntactic 

foams are therefore predicted to perform better with the incorporation of fibers without much of 

a change in the density for applications such as structural and sub-sea buoyancy aid materials. 

The compressive strength and modulus of syntactic 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] studied 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 density, i.e., the compressive 

properties 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 under compression were carried 

out by Kim et.al [14]. They concluded that longitudinal 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) formation 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 layered crushing 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 end of specimen wall, and (c) 

thickening of the crushed layer. Koopman et. al. investigated the micro-structural failure modes 

in three phase syntactic foams [15]. They conducted both compression and three-point bending 

tests on the syntactic foams. Microsphere strength had a strong effect on overall uniaxial 

compressive strength with interface strength playing a secondary, yet significant role. In three-

point bending, the role of the interface was much more critical. SEM micrographs revealed 

primarily interface failure 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 thereby improving 

the damage tolerance/resistance of syntactic foams has been widely studied in the past. Li and 
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Nji  proposed and synthesized a rubberized syntactic foam to develop better impact properties in 

the conventional microballoon based syntactic foams [16]. 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 of syntactic 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 syntactic foams cannot absorb 

sufficient amount 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 microstructure provided a 

number of mechanisms for absorbing impact energy in micro-length scale and prevented the 

micro-scale damage from propagating into macro-length scale damage. A similar study by Nji 

and Li [17] showed that the incorporation of CaO improved the mechanical 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 hydroxide.  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 study on crumb rubber based syntactic foams was conducted by Li and John [18]. The foam 

had a hybrid microstructure bridging over several length scales. In this 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. The initiation energy increased and 

propagation energy decreased when a portion of the microballoons were replaced with crumb 

rubber particles. It was found that the rubberized syntactic foam possessed a higher capacity to 
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dissipate impact energy and to retain bending 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 concentration. Azimi et al. [19] investigated the fatigue crack 

propagation 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 microballoon and the rubber 

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 mechanics. The 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.al estimated 

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 confinement results in high stress levels 

in the specimen due to densification of the foam. This was studied by Subhash et.al [23], by 

conducting edgewise quasi-static compression tests and dynamic tests with and without rigid 

steel confinement. They concluded that when deformed 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 planes. On the other hand, compression tests with the 

confinement resulted in densification of the foams and thereby resulting in high stress levels 

being generated in the specimen. 

The addition of glass microballoons results in an increase in the glass transition temperature 

(Tg) of the thermoset resin. A Dynamic Mechanical Analysis (DMA) of syntactic foams was 
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conducted by Sankaran et.al [24]. From their studies they concluded that the Tg values of the 

syntactic foams were higher than that of the neat resin. The maximum use temperature could be 

interpreted based on the Tg values and could be used as a design input. The storage modulus 

values decreased with increasing temperature, but the reduction was less than the reduction of 

neat resins. A thermal stability analysis was performed by doing Thermo Gravimetric Analysis 

(TGA) on syntactic foam samples by Alonso et.al [11]. They concluded that the thermal stability 

of the fiber reinforced foams was enhanced, and the aramid fiber performed better than the glass 

fibers. 

From the previous work on syntactic foams in the past few years, it is very clear 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 devised, such 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 foam to 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 tolerant materials. In 

another word, there is a strong need to repair internal damage autonomously, repeatedly, 

efficiently, and at molecular-length scale. 

1.2 Syntactic Foam Cored Sandwiches 

A sandwich is a special class of structure that is fabricated by attaching thin but 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 
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core. Among them, syntactic foam ï a 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 and core is depicted in Figure 2. Fiber reinforced polymer composite sandwich 

structures have been used in almost all man-made engineering structures such as space shuttle, 

aircraft, ship, auto, pressure vessel, piping, bridge, building, platform, etc., primarily due to their 

high specific strength and stiffness, tailor-ability, corrosion resistance, and functionally graded 

construction. 

 

Impact has been a critical problem for engineering structures. Failure of engineering 

structures due to impact has been well documented [25-34]. Therefore, sandwich structures must 

be designed to have a certain impact tolerance or impact resistance. The top and bottom skins of 

the sandwich structure serve the function of carrying the 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 sandwich 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 

Skins 

Core 

Figure 2. Schematic of a Sandwich structure 
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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 extensive foam core damage. Transverse 

load induced impact damage has been a critical problem for composite sandwich structures. This 

type of impact events can result in reduction of the residual strength of the sandwich panel. An 

enormous amount of work has been done towards 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 specific 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 filled co-injected 

honeycomb core sandwich composites [36]. 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 improving the impact 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 on syntactic foam cored sandwich structures by 

Hazizan et.al [37]. 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 cracking in the brittle core, fiber buckling close to the point of impact and 

finally delamination of the skin resulting in complete failure of the sandwich.  The static and 

impact failure modes of foam cored sandwich beams were investigated by Lim et.al [38]. The 

impact energy absorption was related to the 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 loads is governed by the 

tensile properties of the core and not on the radius ratio of the microballoons [39].  This study 

concluded that the core shear stress and skin bending stress decreases with decrease in radius 

ratio. Radius ratio is defined as the ratio of the 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 was conducted by Corigliano et.al [40]. 

They concluded that the sandwich core helped in improving the stiffness and strength quite 

remarkably. Also a weakness at the skin/core interface could result in delamination of the skin 

materials. Rocca et.al conducted static and dynamic fatigue tests on a sandwich structure 

comprised of glass fiber reinforced polymer skins and a fiber reinforced foam core [41]. They 

noticed no considerable change in the residual compressive strength and failure modes.  

Various types of core materials have been used in fabricating sandwich panels. Among them 

the foam core which can be sub-divided into syntactic foam, polymeric foam, metallic foam, 

ceramic foam, balsa wood etc. has enjoyed enormous attention in the past few decades [42-44]. 

Web cores like truss and honey comb [45-48] have also gained 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 include 3-D integrated core [49,50], foam filled web core [21,36,51], laminated composite 

reinforced foam core [52,53], grid stiffened syntactic foam core [54,55], etc.  Among the 

different core materials available, the hybrid foam cores predominate. Some of the drawbacks of 

the other core materials are as follows. For example, the foam cores are brittle which results in 

macro-length scale damage, sacrificing the residual strength; the web cores on the other hand, 

possess lack of proper bonding with the skin and also consist of impact windows; and 3-D 
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integrated core results in 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 Foam Cored Sandwiches 

Some of the 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 composite sandwich 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 impact tests and compression after impact (CAI) 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 using ANSYS 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 quasi-static response to impact, and have higher CAI strength. They 

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 limitations of 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 self-healing mechanisms, the post impact 

residual load bearing capacity is still low [54,55].  

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 limitations. Due to the brittle nature of the thermoset polymer matrix 
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used for fabricating the foam material, the energy absorption during an impact event is at macro-

length scale. In other words, energy absorption is facilitated by macro-length scale damages. 

These type of macro-length scale damages will lead to a very low residual structural 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 impact. Because of the difficulty in repairing internal damage, it 

usually leads to the replacement or rebuilding of the entire structure. Therefore there is a genuine 

need to develop impact tolerant and self-healing syntactic foams that will actuate a healing 

process when triggered by an internal stimulus. 

1.5 Self Healing Methods in Thermoset Polymer Systems 

The current way of repairing impact damage is through external structural repair such as 

welding or patching [56]. They are costly, time consuming, and require reliable detection 

techniques and a skilled work force. They are mainly applicable to the repair of external and 

accessible damages instead of internal and invisible microcracks. Thus, there is a strong need to 

repair internal damage autonomously, repeatedly, efficiently, and at molecular-length 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 region. 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 

crosslinks 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 chains through the crosslinks 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 very challenging as opposed to their thermoplastic counterpart. 

Enormous interest has been generated in the recent years in the area of self-healing internal 

damage in thermoset polymer and its composites [57]. In an effort to develop a self sustained 

repair procedure 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 in humans as well. The 

ability to heal wounds is one of the truly remarkable properties of biological systems. A big 

challenge facing the materials science community is to design ósmartô synthetic systems that can 

mimic this behavior by not only ósensingô the presence of a ówoundô or defect, but also actively 

re-establishing the continuity and integrity of the damaged area. Such óself-healingô materials 

would significantly extend the lifetime and utility of a vast array of manufactured structures. 

Researchers have worked on the feasibility of adding hollow fibers having healing agents, 

microencapsulated spheres, thermoplastic additives etc. to help in the process of self healing.  

1.5.1 Hollow Fiber Approach 

The pioneering research of using hollow fibers to hold healing agents to be released for 

damage repair was done by Dry and Sottos [58-60]. This concept was initially developed in the 

field of cementitious materials to alter the cement matrix permeability, prevent corrosion, repair 

cracks etc. This was further extended to polymeric materials. In this approach, healing was 

achieved when a propagating crack encounters one of the dispersed hollow glass fiber, the fiber 

bursts/fractures and the encased fluid flows into the cracked region and cure in-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 fibers holding the healing agent when compared with the reinforcing fibers. This might 

have resulted in stress concentration centers which in turn resulted in failure within the 

composite structure [61]. Bleay et.al [62] used smaller glass fibers to hold the healing agents to 

account for the problems faced by the previous researchers. But the filling and release of the 

healing chemicals proved to be more problematic. Pang et.al [63] continued the work on 

synthesis of self healing composites based on hollow fiber concept. 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 of the healing agents at the right time and also the inability of the 

system for repeated healing. Even though some work has been done to address this issue [64, 

65], these systems still possess drawbacks like excess discharge of healing agent from the micro-

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. 

1.5.2 Microencapsulation Approach 

Microencapsulation is the most studied self-healing concept in recent years. This particular 

approach involves incorporation of a microencapsulated healing agent and a catalyst within a 

polymer matrix [66-68]. When a crack is induced in a polymer system, the microcapsules are 

damaged by the propagating crack and release the healing agent into the cracks by capillary 

action. Further, the healing agent and catalyst react to heal the crack and prevent subsequent 

crack propagation. This approach alleviates the manufacturing problems caused by using the 

hollow fiber approach. Another variation of this approach was coined by Skipor et.al [69]. In this 

approach, they proposed attaching catalyst molecules to the exterior of microcapsules filled with 

the healing agent. They claimed to have improved the healing efficiency.  
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But this method also possesses similar 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 agents, immobility 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 Takano [70] in 1999. Upon heating, the particles melted, flowed into 

internal cracks or flaws and healed them when cooled down. The feasibility of this system 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 time should not react with it at ambient 

temperature. 

(b) The Tg of both the thermoplastic and the thermoset should be close 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 diffusion in nature. 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 mentioned above. The mechanism 

behind this method is based on the melting of the thermoplastic particles and their eventual flow 
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into the cracks through diffusion when heating; the molten thermoplastics bond the two sides of 

the cracks and establish continuity at molecular level when cooled below Tg. In another word, 

the thermoplastic serves as an adhesive at micro-length scale. While this method can heal 

damage autonomously, repeatedly, and at molecular level, there are two limitations: (1) its 

healing efficiency is still low. This is because the thermoplastic within the crack behaves like the 

bulk due to the relatively wide opening of the crack. Multiple impact-healing cycles were used to 

test composites containing 7ï10% polybisphenol-A-co-epichlorohydrin in an epoxy matrix. 

These samples were assessed visually, and only 30ï50% healing efficiency was reported [71]; 

(2) the amount of thermoplastic additive is high (typically over 10%), again due to the relatively 

wide opening of the crack, which may adversely affect the stiffness and thermal stability of the 

thermoset matrix. 

1.5.4 Thermally Reversible Cross-linked Polymers 

This class of polymers makes use of the thermo-reversible covalent bonds to self-heal internal 

cracks in the polymer system. The mechanical properties of 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 as Diels-Alder 

(DA) reaction for self healing applications was pioneered by Chen et.al [72]. They 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 catalysts, healing agents 

etc. 

The first generation of a highly cross-linked and transparent polymer was synthesized via the 

DA cycloaddition of furan and maleimide moieties, and the thermal reversibility of the chemical 

bonds is accomplished via the retro-DA reaction [73]. Solid state reversibility of the cross-

linking structure via DA and retro-DA reactions was tested and confirmed by subjecting the 
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polymerized films to different heating and quenching cycles, and analyzing the corresponding 

chemical structure by solid state 13C NMR. 

Liu et al [74,75] further investigated the applicability of self-healing polymers using DA 

reactions in advanced composite production. They employed epoxy precursors to prepare 

multifunctional furan and maleimide monomers. These monomers possess the desirable 

characteristics of the traditional epoxy resins such as solvent and chemical resistance, low 

melting point, and solubility in a number of organic solvents. These characteristics enable them 

to be processed in a similar fashion to the epoxy resins. 

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 on the extent 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 capable of healing cracks multiple times. However, this scheme is a 

very lengthy process. First decoupling of the covalent bond is required so that the component can 

flow into the damaged space; after that, the system is cooled down to re-develop the covalent 

bond so that the material can be healed. The re-establishment of covalent bond at room 

temperature usually takes several days. A more time-efficient healing scheme is thus needed.  

A concluding remark on self healing mechanisms in thermoset resin systems can be made 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 forming 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 thermoset polymer 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 

the additives 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 discovery of 

shape memory effect in 1932 [76]. Shape memory effect is the ability of a material 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 result of material structure and specific functionalization 

techniques. Shape Memory Alloys (SMAs) have received considerable attention as stimuli 

responsive materials due to their small size and high strength. On the other hand, they possess 

obvious disadvantages like high manufacturing costs, limited recoverable deformation and 

appreciable toxicity. However, 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 only 5-14% of recoverable strains in SMAs, low density, low cost 

etc. Also, SMPs can be tailored according to a specific application by changing the recovery 

temperature with changes in chemical formulations. The activation temperature can be changed 

by changing the co-polymer composition or degree of cross-linking. These properties have 

helped SMPs in becoming functionally attractive in many fields these days and are mode widely 

used when compared with the SMAs for structural, aerospace and defense applications. 

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

was polynorborene based having a Tg range of 35
0
C to 40

0
C [77].  SMPs are a class of polymers 
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that can undergo deformation at high temperatures, retain the deformed shape when cooled and 

return to its original shape upon heating above the Tg. Shape memory polymers possess two 

phases, which are clearly separated by the glass transition temperature. Above the glass 

transition temperature they are soft and rubbery, thus making it easily deformable. While below 

the glass transition temperature they are rigid and cannot be easily deformed [78]. SMPs are 

regular polymer resin systems that exhibit shape memory effect (SME). The consequences 

caused by 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 property of a single polymer; 

but it is a combination of polymer structure and morphology together with applied processing 

and programming technologies. The potential applications of these SMPs range from consumer 

goods to medical supplies. Shape memory polymers find applications 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 due to the weakness in mechanical strength and stiffness when compared to 

metals and ceramics [79-81]. Fiber reinforcements could improve the strength and modulus 

while retaining considerable large recoverability properties. Discontinuous fiber reinforcements 

showed strain recoverability in all directions, while continuous fiber reinforcements showed 

recoverability only in the transverse direction [82].With the use of the proper reinforcement these 

SMPs could be used as an active structural material for vibration and acoustic control, damage 

control and shape control capabilities.  

The shape memory effect of the thermoset polymers can be explained based on two 

perspectives: the first one would be from a thermodynamic point of view and the second one 

from a molecular perspective. Polymers can be classified broadly into crystalline and amorphous 



20 

 

polymers. This study deals with amorphous polymer systems. Amorphous polymers are those 

polymers in which the polymer chains are not in an orderly fashion. In other words, they take a 

completely random distribution in space. If W expresses the probability of a conformation, a 

strongly coiled conformation (state of maximum entropy) represents the most probable state for 

an amorphous linear polymer chain according to the Boltzmann equation [83]:  

 

Here, S is the entropy of the system and k is the Boltzmannôs constant. The driving force for 

shape recovery is the conformational entropy of the molecular segments in terms of micro-

Brownian thermal motion. Thermodynamically, the molecular segments experience 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 increase in entropy, it is an 

autonomous process. It is the recovery in strain and in stress that makes SMP a viable choice as 

sensors and actuators. In order to make the polymer smart, it is usually subjected to a typical 

three-step thermomechanical cycle called programming; see Figure 3 for a 1-D tensile stress (), 

tensile strain (), and temperature (T) relationship during the programming cycle. The 

programming starts at a temperature above the glass transition temperature (Tg) of the SMP. It 

involves a high-strain deformation in the rubbery state, which is called óópre-deformationôô or 

óópre-strainò. Step 2 is a óóstrain storageôô process by maintaining the pre-strain constant while 

cooling down to below Tg. Because of the thermal contraction of the SMP during cooling, the 

tensile stress needed to maintain the pre-deformed shape increases as the temperature drops. The 

third step is a óólow temperature unloadingôô process, which is defined as the removal of the 

stress in the glassy state. The low temperature unloading process may be accompanied by 

óóspring backò, i.e., some pre-strain may be rebounded. This completes the three-step 

programming. 
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In step 4, which involves reheating to its starting temperature (above Tg) without applying any 

constraint, sometimes called óófree strain recoveryôô or óóunconstrained recoveryôô, brings the 

pre-strain back to zero (if the recovery rate is 100%). This completes the typical four-step 

thermomechanical cycle.   

This strain-controlled programming and free-shape recovery are schematically shown in 

Figure 4 for a polymer with glass transition temperature (Tg) as its transition temperature (Ttrans) 

and the molecular mechanisms involved are schematically shown in Figure 5.  

The efficiency of a shape-memory polymer is empirically controlled by its composition, as 

defined by the polymerôs chemical structure, molecular weight, degree of cross-linking, and 

fraction of amorphous and crystalline domains [76,83]. The energy that is restored with shape 

recovery is a growing function of the energy supplied during the deformation at a high 

 

Figure 3. Schematic of four-step strain controlled programming 
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temperature [84,85]. A critical science and technological implication of SMP is that one can 

utilize its shape memory functionality for self-sealing purposes. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Experimental Procedure of Programming 

 

Figure 5. Molecular mechanism of the thermally induced shape-memory effect for 

a multiblock copolymer [83] 
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SMPs can be perceived as possessing 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 cross-links and the soft segment is 

responsible for the shape recovery or in other words strain recovery. The soft segments deform 

upon application of a prestrain above a transition temperature, either the glass transition 

temperature (Tg) or the melting temperature (Tm) [86]. A high value of the ratio of elastic 

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 critical value (30%-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 1.5, the current self-healing schemes have their own 

limitations in achieving self-healing. 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 self-healing scheme that is autonomous and at the same time 

can heal damages multiple times. The use of SMPs will help in nullifying the drawbacks in the 

present self-healing schemes. The only human intervention for these SMP systems is to provide 

the required external stimuli to achieve 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 initial impact 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 achieved. The energy supplied during the shape fixing process can be 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, i.e., one shape fixity process correspond 

to several shape recoveries. Research in this direction is very scarce and is still evolving. Some 

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 cell syntactic foams. Details of these foams are discussed in the next section. 

1.7 Shape Memory Polymer Based Foams 

In order to identify the most appropriate SMP candidate to be used as a thermoset polymer 

matrix in a syntactic foam based sandwich structure, it should 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 is quite 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 desirable criterion in order to 

restore the strength in the sandwich structures and (4) high healing efficiency of the structure is 

an aftermath of re-establishment of chemical bonds. The ideal and smart foam should satisfy 

these four criteria simultaneously.  

Shape Memory Polymer (SMP) based foams were developed by many researchers in an effort 

to make the foam core smart. Tobushi et.al studied the influence of shape holding conditions on 

the shape recovery of polyurethane based shape memory polymer foams [87]. 

Thermomechanical analysis of these foams suggested that if it was compressed above its glass 

transition temperature (Tg) and then cooled below its Tg, then it will maintain the deformed 

shape. If the deformed SMP foam is held above its Tg, secondary shape forming occurs, or in 

other words it returns to its original shape. In a similar study by the same author [88], they 
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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 the Tg, the strain 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 room temperature. The effect of long term storage on the 

properties of compressed elastic memory polyurethane foam was investigated by Tey et.al [90]. 

The SMP foams were pre-strained at temperatures above the Tg, and then cooled back to room 

temperature for hibernation. But in a span of two days they returned to their original shape. This 

was due to the fact that the Tg of the shape memory polymer was very close to the room 

temperature. They concluded that the foam retained its shape memory properties even after 

storing it in a compacted state for a long period. 

These foams are not syntactic foams. In other words, they are open cell foams. Open cell 

foams are manufactured by using foaming agents or blowing agents in the foaming process. Air 

bubbles are trapped during 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 some distinct 

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 to design, fabricate 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 sandwich will help in self-healing the sandwich multiple times due to the 

driving force by conformational entropy.  
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In this study, the shape recovery functionality of the SMP was used for the purpose of self-

healing damages. Shape memory polymer based syntactic foams were fabricated and 

characterized, and their structural applications were 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 properties and residual compressive strength of the 

smart sandwich structure was evaluated. The shape memory functionality was utilized for self 

healing of the damage due to multiple impacts at the same location. Another set of similar tests 

were also conducted on a grid 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 quasi-static behavior within the bay area and also heals the damage multiple 

times. The foam in the bay area is confined from the sides by the glass fiber ribs (2-D) and from 

the top and bottom by the glass fabric sheet resulting in a 3-D confinement. Thus during the 

recovery process (by heating above the Tg 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 self-sealing. 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 level. The only human intervention during 

shape recovery process is to provide external stimuli such as heat, light, magnetic field, etc. [91-

99]. Out of the different external stimuli, light and magnetism are non-contact types and require 

no human intervention for activation. Since self healing is driven by conformational entropy, it is 



27 

 

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 controlled self-healing process. 

Unlike the currently available self-healing schemes, which are based on in-situ polymerization 

and need new and fresh supply of monomer and catalyst for self-healing new damage, SMP can 

repeat its shape recovery or self-healing process many times. 
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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 process) faces considerable 

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 thermo-reversible covalent bond polymer systems 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 meets the four criteria of healing, (1) autonomously, (2) repeatedly, (3) 

efficiently and (4) at molecular length-scale.  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 involved 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 and 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 transmission electron microscopy 

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

 
*Reprinted by permission of ñElsevierò 
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scanning calorimetry to determine the Tg of the smart foam, thermal conductivity studies to see if 

the addition 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 polymer used in this study can be formulated by following a particular 

chemical reaction process. Depending on the manufacturing conditions and amount of each 

constituent, the Tg can be varied significantly. The shape memory polymer formulation is based 

on a reaction product of (a) styrene, (b) a vinyl compound other than styrene, (c) a cross-linking 

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 Tg of the SMP can be tailored to the required application. The cross-linking 

agent should be having a polymerizable functionality of at least 2, meaning it should help in the 

cross-linking process of both the 1
st
 monomer and 2

nd
 monomer. This system with 2 different 

monomers is called a copolymer.  

2.1.1 Suggested Components and Curing Cycle 

The components listed below are mixed in the following order (a-d) and then refrigerated 

before use [100]. 

(a) Styrene ï 90% (1
st
 monomer, styrene) 

(b) Vinyl neodecanoate - 7% (2
nd

 monomer, vinyl compound) 

(c) Divinyl benzene -1% (Cross-linking agent) 

(d) Benzoyl peroxide ï 2% (Initiator) 

The mixture is polymerized preferably at a temperature range between 65
o
C-75

o
C and a 

pressure of 14.7 psi for a duration in the range of 4 hours to 1.25 days. Then the solution is 
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injected into a mold for curing at 75
o
C for 24 hours. After curing, the SMP sheet sample is 

demolded. A clear sheet of the SMP is thus obtained [100]. 

2.1.2 Polymerization Process 

Part A of the Veriflex (CRG Industries, Ohio) shape memory polymer system consists of 

three monomers namely styrene, vinyl neodecanoate and Divinyl benzene (cross-linking agent). 

Divinyl benzene helps in the cross-linking process of the other two monomers as shown in 

Figure 6. 

 

When the initiator, Benzoyl peroxide (Part B of Veriflex) is added to Part A, a free radical 

initiation process starts which is shown in Figure 7. Because the polymerization process is 

proprietary, it is assumed that the process consists of three steps, (1) the first step involves free 

radical generation from Benzoyl peroxide. (2) The free radical thus formed attacks one of the 

where R= C9H19   

Figure 6. Cross-linking process during the polymerization of the polystyrene 

SMP 
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monomers in Part A which is called chain initiation process (step 2). This secondary radical 

further attacks either of the remaining two polymers to form the final shape memory polymer. 

The process is called chain propagation (step 3).  

 

2.2 Materials 

The syntactic foam was fabricated by dispersing glass microballoons and multi-walled carbon 

nanotubes into the shape memory polymer matrix. The shape memory polymer (Veriflex, CRG 

industries) has a Tg of 62 
o
C (143

o
F), tensile strength of 23MPa and modulus of elasticity of 1.24 

Figure 7. Free Radical Initiation and Polymerization Process 
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GPa at room temperature. The foam was fabricated by dispersing 40% by volume of glass 

microballoons (Potters Industries Q-cel 6014: bulk density of 0.08g/cm
3
, effective density of 

0.14g/cm
3
, particle diameter range of 5 - 200 m, average diameter of 85m, and crushing 

strength of 1.72MPa), and 0.15% by volume of multi-walled carbon nanotubes (Cheap Tubes 

Inc.: density of 2.1g/cm
3
, diameter of 20-30nm, and length of 10-20 m) into the polymer matrix. 

Carbon nanotubes were used for a couple of reasons. The 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 glass transition 

temperature. Another reason for using nanotubes is that they 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 electricity. Percolation threshold can be defined 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 of shape memory nano-foams is 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 mixing 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 been found 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 process involved 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 SMP-nanotube mixture along with the hardener and were eventually poured 

into a steel mold, covered from all sides and transferred into an industrial oven for final curing. 

A review paper by Coleman et.al. indicates Youngôs modulus enhancement in different polymer 

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 curing. But due to 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 slab. Dispersion of nanoparticles 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 mixing and three-roll mill mixing have been adopted in the past. A recent study by Ji 

and Li [102] shows that a combination of ultrasonic and three-roll mill mixing helps in achieving 

the optimum dispersion of nanoparticles within the matrix. Therefore, a similar approach was 

adopted in this study.  

The nanotube-polymer mixture was mixed with the assistance of an ultrasound mixer for 30 

minutes at a frequency of 20kHz (Sonics Vibracell VC 750W) and a three-roll mill for one pass 

(NETZSCH type 50). When using the three-roll 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 properties.  Second, glass 

microballoons (40% by volume) and the hardener (Veriflex Part B) were added to the carbon 
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nanotube-polymer mixture and mixed with a spatula for 15 minutes to make sure that a uniform, 

homogeneous mixture was obtained. The ultrasonic mixer and the three-roll mill are depicted in 

Figure 8. 

  The whole mixture was then poured into a steel mold and sealed on the top with 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 facilitate easy 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 system used as the matrix. The curing process started at 75°C for 24 hours, 90°C for 3 

hours and then 100°C for 3 hours in an industrial oven. This curing cycle was chosen by a trial 

and error process because the curing cycle for the pure polymer recommended by the 

manufacturer could not cure the foam. After curing, the 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. The striations that can be seen on 

Figure 8. Ultrasonic mixer and three-roll mill  
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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. 

 

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 collected on collodion-coated copper grids and 

imaged with a JEOL 100CX TEM. TEM images of the pure SMP and the ones with MWCNTs 

are depicted in Figure 10. It was found that the combination of the ultrasonic mixer and the 

three-roll mixer was adequate to uniformly disperse the carbon nanotubes in the polymer matrix 

as validated by the TEM image in 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 three roll mill in accordance with the study conducted by Ji and Li [102]. The gap 

between each roller of the three roll mill was selected such that damage of the carbon nanotubes 

will not occur during the shear mixing process. 

Figure 9. Cured Smart Syntactic Foam 
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2.5 Differential Scanning Calorimetry (DSC) 

Glass transition temperature (Tg) is an important parameter in the programming of the SMP. 

As discussed previously, the programming must start at a temperature higher than Tg. Also, in 

applications that can experience temperature extremes, it is important to know what the potential 

exposure temperatures are and how they will affect the mechanical behavior of the material. The 

DSC is primarily used to measure the glass transition temperature (Tg), below which the 

material/polymer is rigid and brittle, and above which they are elastic and ductile. Knowledge of 

Tg 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 are more pronounced in the vicinity of Tg , 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. The operation of a Differential Scanning Calorimeter is 

Figure 10.  TEM image of Shape Memory Polymer and Smart Foam 

 

(a) Shape Memory Polymer                       (b) Smart Foam 
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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 ability to measure glass transition temperature.  

A schematic representation of the DSC is given in Figure 11. From the figure it can be seen 

that the DSC has 2 pans, the reference pan and the sample pan. The shape memory polymer is 

placed in the sample pan and 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 to keep the temperature of the sample pan increasing at the same rate as the reference 

pan. This additional heat absorbed is measured by the DSC.  

 

A typical DSC curve obtained from experiments conducted on the carbon nanotube reinforced 

SMP foam is shown in Figure 12. The DSC test was conducted from 35
o
C to 90

o
C at a ramp rate 

of 5
o
C/min. As the temperature increases, the internal energy of the material changes with an 

inflection point at the glass transition temperature.  Three effective specimens were tested to 

obtain an average of the glass transition temperature. In Figure 12 we can see a change in slope 

corresponding to the inflection point around 62
o
C, suggesting the Tg value.  

Figure 11. Schematic of the Working of DSC 
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From Figure. 12, it is noted that the peak has been significantly flattened due to the presence 

of the elastic components (glass microballoons and nanotubes). Relaxation of the shape memory 

polymer chains occur in the vicinity of the glass transition temperature and this in turn 

corresponds to the shape recovery process of the SMP. Previous studies have showed that large 

variations of Tg 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 polymer-to 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. 

 

 

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 

Figure 12. Typical DSC curve for the smart syntactic foam 
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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 irradiation of a small, disc-shaped sample 

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

is recorded through high-speed data acquisition from a solid-state optical sensor with very fast 

thermal response. Cylindrical specimen 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.  

 

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 SMP (0.14 W/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 (1364.5 J/kg·K) was reduced by 

Figure 13. Flash Line 5000 Thermal Analyzer 
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about 2.2%, when compared with the neat SMP (1395.6 J/kg·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 due to the voids in the 

hollow glass microballoons. 

Table 1. Thermal Conductivity and Specific Heat Capacity Measurements 

Specimen Thermal 

Conductivity (W/m.K)  

Specific Heat 

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 flat-wise per ASTM C 365 using an MTS 810 machine. The test was 

strain controlled and the loading rate was 1.3mm/min. The test was conducted at room 

temperature. Three effective specimens were tested. The compression test setup is shown in            

Figure 14. The stress-strain curve was obtained and the yield strength, ultimate strength, and 

modulus of elasticity were determined. Yield strength suggests the end of elastic region and start 

of elastic-plastic region. The ultimate strength suggests the maximum load carrying capacity of 

the specimen. Typical compressive stress-strain plots of three smart foam specimens are shown 

in Figure 15. It is clear that the stress-strain curve can be characterized by 3 distinct regions. The 

initial region (region 1) is a linear elastic region. In this region the foam undergoes elastic 

deformation which is recoverable at room temperature. This is followed by a plateau region 
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(region 2) which corresponds to the densification of the foam material; and the last region 

(region 3) corresponds to the compaction and consolidation of the foam material, which may 

include the crushing and further densification of the microballoons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Uniaxial compression of smart foam 

Figure 15. Typical compressive stress ï strain behavior for the foam 

material 
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Compared with regular syntactic foam, it is obvious that the deformation in the plateau region 

is much higher. This suggests that the smart foam would be able to absorb more impact energy 

without disintegration. 

Another batch of syntactic foam was also fabricated without carbon nanotubes. The purpose is 

to evaluate the effect of carbon nanotubes on the mechanical properties and self-healing 

efficiency. The foam was cured at 79.4
o
C for 24 hours, followed by a cycle at 107.2

o
C for 3 

hours and finally at 121.1
o
C for 6 hours. Uniaxial compression tests were conducted on 5 

effective specimens using the same Q-TEST150 test machine setup as described previously. 

Typical stress-strain plots are depicted in Figure 16. Compared to Figure 15, it is seen that the 

tendency of these two types of foams are similar. However, the one without carbon nanotubes 

has a considerably higher yield strength and modulus of elasticity (the slope in region 1). 

Therefore, it seems that the foam without carbon tubes is more suitable for carrying load. Of 

course, better mechanical properties are just one side of the equation, self-healing efficiency is 

another one. Therefore, in the following, both foams will be utilized in fabricating sandwich 

structures to evaluate their impact response and self-healing efficiencies.  
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Figure 16. Typical compressive stress ï 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 at least three 

phases. One is the solid shell of the hollow glass microballoon, the second is the void within the 

glass shell, and the third is a layer of SMP coated on the outer shell of the glass microballoon. 

However, due to the interaction between the microballoon and the SMP, there may be an 

interfacial transition zone (ITZ) or interphase in between the glass microballoon and the SMP. 

Hence, the basic building block of the foam may essentially consist of four phases. From inside 

to outside, they may be void, solid glass shell, ITZ, and pure SMP. The assumption of a four-

phase microstructure was further validated by the studies of Xu and Li [104] and Li and Nettles 

[105] by conducting Fourier Transform Infrared (FTIR) spectroscopy and Dynamic Mechanical 

Analysis (DMA) of the pure SMP and the smart syntactic foam, respectively. Based on the study 

conducted by Xu and 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 between them. The DMA 

tests conducted by Li and Nettles [105] characterized the glass transition temperature (Tg) of the 

pure SMP and the smart foam. An increase in the Tg of the smart foam by about 2.8
o
C was 

observed when compared with the pure SMP. This increase in the Tg can be attributed to the 

layer of SMP that could be adsorbed around the vicinity of the glass microballoon, possibly 

through the weak hydrogen bond as evidenced by the FTIR test. This is also in accordance with 

the studies conducted by Berriot et.al. [103] in which they claimed that the Tg can be shifted up 

by more than 100°C when the polymer is confined at 1 nm from the interface and by a few 
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degrees Celsius at 10 nm. The effect becomes negligible at greater distances. Berriot et.al. [106] 

and Kaufman et.al. [107] studied carbon black interactions with rubber by conducting Nuclear 

Magnetic Resonance (NMR) tests. They concluded that there exist two different micro domains 

of the immobilized and mobilized layers and were able to determine the thickness of the 

immobilized layer. Thus it is clear that there is an ITZ layer in the building block and the smart 

foam consists of essentially four 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 be an equivalent SMP layer. In such a way, the foam becomes 

an equivalent 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 visco-elastic and visco-plastic 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 plots. This section will primarily quantify 

the elastic properties of the smart foam in the linear-elastic region (region 1) of the stress-strain 

plots.  A more detailed study on the constitutive behavior of the SMP based smart syntactic foam 

can be found in the studies 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 four phase sphere model. The model was solved by 

embedding a three-phase unit cell (aggregate, ITZ, 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 foam, as shown in Fig. 17, the model developed by Li et al. [108] can be 

directly utilized. In Figure 17 (a) the microballoon possesses an inner radius denoted by ñaò and 

an outer radius denoted by ñbò. This is followed by the ITZ layer with a radius of ñeò. Then a 

layer of the SMP with a radius of ñfò can be found. This is converted into an equivalent three-

phase system in Figure 17 (b) with ñaò and ñbò the same and ñcò denoting the radius of the 

equivalent SMP layer around the glass microballoon. 

 

 

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

3.2 Model Formulation 

The glass microballoon is hollow with an inner radius of 41.69µm (a) and outer radius of 42.5 

µm (b). The outer radius was obtained from the manufacturer data sheet (Q:cel 6014, Potters 

Beads Inc.). The inner radius was calculated using equations for radius ratio (ɖ), which is defined 

as the ratio of the inner radius (a) to the outer radius (b) of the hollow glass microballoon. The 
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radius ratio can also be expressed in terms of the densities of the glass microballoon (ɟmb) and 

bulk glass (ɟg). The calculations leading to the estimation of the inner radius (a) of the glass 

microballoon is given below. 

 

where mb=140 kg/cm
3 
and g=2540 kg/cm

3
. 

Thus a= 41.69µm and b=42.5µm. From this the wall thickness of the glass microballoon can be 

calculated. The wall thickness, w= (b-a) = 0.81µm. 

The next step involved the estimation of the effective Youngôs modulus of the equivalent 

SMP layer around the glass microballoon. The first step towards this route was to find the 

thickness of the equivalent SMP layer, denoted by ñhò. The outer radius of the glass 

microballoon (b) added to the thickness of the equivalent SMP layer (h) will give the radius of 

the equivalent SMP layer, ñcò. This was done by using the volume fraction calculations as given 

below in Equation (3). 

 

where VSMP and Vmb 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 = 21.25µm. Thus c=b+h= 63.75µm. 

Now assuming the glass microballoon as an equivalent particle (i.e., a homogeneous particle 

with equivalent elastic properties and radius of ñbò), the modulus of the foam can be solved by 

embedding the unit cell in Figure 17 (b) into an equivalent infinite foam medium. The model was 

resolved into a two-phase unit cell embedded into an equivalent infinite foam medium (Figure 18 

(a)) plus an equivalent particle (Figure 18 (b)) as in [108].  
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Using theory of elasticity [109] and Eshelbyôs equivalent medium theory [110], 

Christensen [111] proved that the effective bulk modulus in Figure 18 (a) can be predicted 

by Equation (4): 

 

where K0 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 from uniaxial compression tests 

performed on the smart foam in section 2.7. Ke is the equivalent effective bulk modulus of 

the equivalent particle in Figure 18 (a), which can be solved by Equation (5) in terms of 

Figure 18 (b): 

 

(a)    (b)  

Figure 18. Scheme to solve the modulus of the foam 
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The terms a, b and c were described in the earlier paragraph. Ei, Ki, Gi and i (i=1, 2, 3) 

are the Youngôs modulus, bulk modulus, shear modulus and Poissonôs ratio of the equivalent 

SMP system (i=1), solid glass microballoon shell (i=2) and the void of the glass 

microballoon (i=3) respectively. K3 is taken to be zero in these equations because the 

modulus of the void is zero. Thus the only unknown is K1, which is the effective bulk 

modulus of the equivalent SMP layer around the glass microballoon. Once K1 is determined 

by solving Equations (4) and (5), and using Equation (6), we can find E1. 

 

 

 

 

For the equivalent particle, Equation (5) can find the effective bulk modulus Ke. In order 

to fully understand this equivalent particle, it is desired to know the effective modulus of 

elasticity and effective Poissonôs ratio. In a previous study, Nji and Li [17] have developed a 

formula to calculate the effective elastic modulus of the equivalent particle: 

 

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

 are, respectively, the modulus of elasticity and Poissonôs ratio of the microballoon shell and 

ñaò and ñbò are the inner and outer radius of the hollow glass microballoon.  

Once the effective elastic modulus Eeff is obtained, the effective Poissonôs ratio of the 

equivalent particle can be obtained from Equation (7). The calculation results are 

summarized in Table 2. 

 

ééééééééééééé..éééééé (6) 
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Table 2. Elastic Constants and Poissonôs ratio of different phases in the smart foam 

Layer Youngôs 

Modulus E, 

(GPa) 

Bulk 

Modulus K, 

(GPa) 

Poissonôs 

Ratio,  

Equivalent Solid Glass 

Microballoon 

1.94 1.29 0.25 

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 and the unit cell of the smart foam 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, carrying in-plane loads etc. 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 length scale 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 the 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 composite sandwich 

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, morphological and visual characterization of a 

sandwich structure incorporating the smart foam as the core. 

This chapter can be sub-divided into the following sections. (1) the raw materials and 

fabrication methodology utilized 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 absorbing 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 ñElsevierò 
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destructive ultrasonic C-scan evaluation of the impacted and healed specimen and (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. A woven roving fabric 7725 (Fiber Glast) was used as the 

top and bottom skin or face sheet. The 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 heat resistance, chemical resistance, fire 

resistance and durability when compared with other fabrics. 

4.2 Smart Foam Cored Sandwich Fabrication 

The sandwich panels were fabricated using Vacuum Assisted Resin Infusion Molding 

(VARIM) system (Airtech). The whole setup is depicted in Figure 19 (a) and the resin infusion 

process is shown in Figure 19 (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 panel the mesh 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 was connected 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 entire skin, the system was closed using valves at both ends. 

 

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 polymer 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 

(a) System set-up 

(b) Infusion in progress                                        (c) Infusion completed  

Figure 19. VARIM system for SMP infusion  
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following a similar curing cycle as that of the SMP based syntactic foam core. A unique feature 

of this manufacturing process is that the curing of the sandwich face sheet was coupled with 

programming of the SMP foam core (shape fixity). Shape fixity and recovery will be discussed 

in section 4.3. The foam cored sandwich panels with a dimension of 152.4mm  101.6mm  

12.7mm were prepared for impact and self-healing tests. This particular dimension was selected 

in order to conduct compression after impact test per the anti-buckling test fixture. 

4.3 Thermomechanical Programming 

The shape fixity or programming of the smart foam core was coupled with the curing of the 

sandwich panels. Shape fixity can be defined as the level of deformation that may be fixed upon 

cooling of the deformed material to room temperature. In this study, stress-controlled 

programming with a constant compressive stress of 0.05MPa was used, instead of the regular 

strain controlled programming. The programming process started by heating the sandwich panel 

to 75
o
C. After that, the pressure of 0.05MPa was applied by the vacuum system. This 

temperature and pressure was maintained for 24 hours. Then the temperature was raised to 90
o
C 

and maintained for 3 hours. The sandwich was then heated up to 100
o
C and the temperature was 

maintained for another 3 hours (Step 1). After that the sandwich panel was cooled down to room 

temperature in about 6 hours while maintaining the stress level (Step 2). After 0.5 hour at room 

temperature, the pressure was removed (Step 3). This completed the three-step shape fixity 

process and the sandwich panels were ready for impact testing. 

In order to examine the shape recovery capacity, the fourth step was also conducted on a 

control sandwich panel. Shape recovery can be defined as the level of deformation that can be 

regained upon heating above the Tg of the material. The sandwich panel was heated up again to 

100
o
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 four-step thermal-mechanical cycle, strain gages 

were installed along the edges of the control sandwich panel in the thickness direction. This 

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. A DAQ 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 sandwich specimen 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 gages (Vishay Micromeasurements Inc.) 

were rated at a resistance of 350±0.3% and a gage factor of about 2.105±0.5%. The permissible 

strain limits on this gage was about 3-5% of strain. 

 

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

the thermomechanical cycle by Equation (8) [83]: 

(b) Strain gage attached to the sandwich 

specimen in loading/thickness direction 

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

attachment  

 

(a) Yokogawa DC 100 Data Acquisition 

system 
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  and (8) 

where N is the number of thermomechanical cycles (N=1 in Figure 21); Rf is the shape fixity 

rate; m is the pre-deformation strain (strain at the end of Step 2); u is the temporary strain fixed 

(strain at the end of Step 3); Rr is the shape recovery rate; and p is the permanent strain (strain at 

the end of Step 4).  

The four-step thermal-mechanical cycle of the smart foam cored sandwich in the loading 

direction (along the thickness) with stress, strain and temperature along the 3 different axes is 

shown in Figure 21.  
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From Figure 21, it is found that the shape fixity rate Rf = (529  10
-5
 mm/mm) / (534  10

-5
 

mm/mm) = 99%. The shape recovery rate Rr = (534  10
-5
 mm/mm ï 13  10

-5
 mm/mm) / (534  

10
-5
 mm/mm - 0  10

-5
 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 of the smart foam. Also, an inflection point is found in the shape recovery 

step (step 4) around the glass transition temperature of the SMP (62
o
C).  

The shape fixity results indicate that the smart sandwich structure was able to store a majority 

of the strain introduced into the system during the high temperature deformation process. A 

value of shape fixity close to 100% is also an indication of minimal spring-back of the specimen 

during the low temperature unloading process. This is very important because it maintains 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 great potential 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 structures made 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 and protect 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 sandwich. 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 their residual strength. 

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 Figure 22 is also equipped 

with an impulse data acquisition system. The fixture on which the sample was 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. The impactor 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 velocity detector 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 these traces. Impact energy 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 previously [16-18, 54]. It has 

been suggested that the initiation energy is basically a measurement of the capacity for the target 

to transfer energy elastically and higher initiation energy usually means a higher load carrying 

capacity; on the other hand, the propagation energy represents the energy 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 velocity of 3 m/s 

and a hammer weight of 6.64 kg per ASTM D 2444. This is equivalent to about 30 Joules of 

energy.  After each impact cycle, the sandwich specimens were taken into an industrial oven for 

performing the recovery/healing process. No external confinement was provided when the 

impact damaged sandwich was recovered by heating the sandwich specimen to 100
o
C for 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 by the skin and by the surrounding undamaged foam. 

Therefore, this was a partially confined recovery test.   

Typical load and energy traces are shown in Figure 23. The maximum impact force, 

maximum deflection, impact duration, initiation energy, and propagation energy after each 

impact are summarized in Figure 24. From Figure 24, 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 process. The impact tolerance has been effectively 

recovered by self-healing. Actually, it seems that the impact tolerance after the 7
th
 round of 
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impact is slightly better than that after the 1
st
 round of impact, as indicated by slightly higher 

initiation energy and slightly lower propagation energy. This óabnormalô behavior suggests that 

repeated impact and healing cycles may have adjusted the microstructure of the foam, making it 

more beneficial for impact tolerance. This fact is also reflected in the C-scan images as will be 

described in section 4.6. Another possible reason is the post-curing effect caused by the healing 

process, which was conducted for 3 hours at 100
o
C for each healing cycle. This will be discussed 

further in section 4.5. 

 

Figure 23. Typical Load-Energy versus time plots 
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4.5 Compression After Impact (CAI) 

Low velocity impacts might not create any damages visible to the naked eyes on the sandwich 

structure. In practice, however, this type of damage can adversely affect the 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 on the 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 an MTS QTEST 150 machine and the fixture used was a 

ñBoeing Compression after Impact Compression Test Fixtureò per BSS7260 standard. A strain 

controlled testing mode experiment was conducted at room temperature and the loading rate was 

1.3 mm/min. Each test was conducted on 5 effective specimens. For comparison purposes, 5 

Figure 24. Impact response of the smart foam cored sandwich panels 

under multiple impacts 
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effective specimens without impact were also tested using the same anti-buckling fixture as 

controls. Figure 25 depicts the compression after impact test setup for the smart foam cored 

sandwich. 

 

The typical CAI stress versus strain curves for CAI tests conducted on the control (without 

impact), after 1
st
 impact and 1

st
 healing, and after 7

th
 impact and 7

th
 healing of the smart 

sandwich specimens are shown in Figure 26. From 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 1
st
 impacted, 1

st
 healed and 7

th
 impacted specimen reduced to 

85.04% (556 MPa), 94.04% (614 MPa) and 95.4% (623 MPa) of the original unimpacted control 

specimen (653 MPa), respectively. On the other hand the modulus for the 7
th
 healed 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 CAI 

strength as compared to the control specimens. 

Figure 25. Compression after impact test setup 
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Also, the CAI strength gradually decreases as the impact cycle increases until the 6
th
 impact 

cycle. For the 7
th
 impact cycle, a significant rebound in CAI 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 the 6
th
 healing cycle. For the 7

th
 healing cycle, its strength after 

healing is higher than the control specimens. These qualitative observations can also be detailed 

by quantitative analysis. The following quantitative estimation can be concluded from Figure 27. 

For instance, the CAI yield strength after the 1
st
 impact is about 83.9% of the original yield 

strength without impact (control specimens, 12.23MPa); after 1
st
 healing, the yield strength is 

about 93.8% of the original strength. This  

Figure 26. Typical CAI stress versus strain plots for various impact 

and healing cycles 
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suggests that the self-healing has recovered a major portion of the lost strength. After the 7
th
 

impact, the CAI yield strength is about 94.9% of the original yield strength; after the 7
th
 healing, 

the residual strength is about 113.6% of the original yield strength. This suggests that after 7 

rounds of impact-healing cycles, the sandwich specimens are actually gaining some strength. 

This result echoes the impact test results, i.e., at the 7
th
 impact-healing cycle, the sandwich 

panels are becoming better in resisting impact damage. It is believed that the healing process 

may have coupled with the post-curing of the foam.  

As mentioned previously, the curing time for all the specimens at 100
o
C was 3 hours. Because 

each specimen was reheated to 100
o
C for three additional hours during each healing cycle, the 

specimens subjected to different impact-healing cycles experienced different exposure time at 

the curing temperature of 100
o
C. This is called as post-curing in this study. For example, for the 

specimens subjected to the first impact-healing cycle, the post-curing time is 3 hours; for 

Figure 27. Variation of CAI yield strength with impact -healing cycles 
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specimens subjected to 7
th
 round of impact-healing cycles, the post-curing time is 21 hours. In 

order to understand the post-curing effect, uniaxial compression test was conducted on a group 

of block foam specimens which experienced various additional post-curing time periods 

simulating the actual high temperature healing. The temperature was fixed at 100
o
C and the 

period of post-curing was equal to the time period of healing. One group of 5 specimens was 

post-cured for 3 additional hours to simulate the 1
st
 healing cycle; another group of 5 specimens 

was post-cured for 21 additional hours to simulate the total healing hours up to the 7
th
 healing. 

The specimen size was the same as the flat-wise specimens and the test was conducted per 

ASTM C365. The test results show that after the 3 additional hours of post-curing, the average 

yield strength of the foam is 5.10MPa, which is about 0.81MPa lower than the regularly cured 

specimens (5.91MPa). This reduction may explain why the CAI strength of the sandwich 

specimens after 1
st
 healing is only about 93.8% of the original strength. If the reduced strength of 

0.81MPa were added to the yield strength of the sandwich specimens after 1
st
 healing (0.81MPa 

+ 11.44MPa = 12.25MPa), it is clear that the 1
st
 healing would fully recover the original strength 

(12.23MPa). After 21 hours of additional post-curing, the yield strength of the foam becomes 

7.60MPa, which is about 7.60MPa ï 5.91MPa = 1.69MPa higher than the regularly cured foam 

without additional post-curing. This additional gain in strength is obviously due to the post-

curing effect. If this additionally gained strength is removed from the sandwich panel after 7
th
 

healing (13.90MPa ï 1.69MPa = 12.21MPa), it is clear that this corrected yield strength is close 

to the original strength (12.23MPa) (control sandwich panels). From the C-scan images, it is 

clear that both impact and healing change the microstructure of the foam. The reduction in the 

yield strength of the foam after 3 additional hours of post-curing may be due to the changed 

microstructure which is unfavorable for the strength development. Of course, further study is 

needed to fully understand the mechanism.   
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4.6 Ultrasonic and SEM Inspection 

Ultrasonic inspection was performed on all specimens both after impact and after healing for 

each impact-healing cycle using a 1MHz transducer for the foam cored sandwich. An UltraPac 

inspection machine from Physical Acoustics Laboratory was used in conjunction with UltraWin 

software to acquire the C-scan images and identify damages. Scanning electron microscope 

(SEM) observation of micro-length scale damage was conducted using a JEOL JSM-840A 

scanning electron microscope. The Ultrapac inspection machine is shown in Figure 28.  

 

 

 

 

 

 

 

 

 

 

 

The impact damage can be visualized by C-scan and the damage at micro-length scale can be 

observed by SEM. Figure 29 shows the C-scan results of one sandwich panel before impact, after 

1
st
 impact, after 1

st
 healing, until after 7

th
 impact and 7

th
 healing. In these pulse-echo C-scan 

images, red color represents an excess of 80% of the signal returning to the receiver, whereas 

blue color indicates that 50-80% of the signal is being received. White color represents a 

Figure 28. Ultrapac ultrasonic C-scan equipment and a typical C-scan Image 
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complete attenuation of the ultrasound signal or 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 white spot; (2) the microstructure has been changed after 

each impact-healing 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 only recover, but also slightly enhance its impact tolerance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30 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 healing the sample, 

the shape recovery is stress-free, i.e., unconfined free shape recovery. In the sandwich panel, the 

Figure 29. C-scan images of the sandwich panels after each impact and healing 

cycle 
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foam core directly under impact is partially confined by the skin and by the surrounding 

materials. Therefore, the confinement may produce a certain stress 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 seen in Figure 

30. 

 

 

 

 

 

 

 

 

 

A visual inspection of the impacted sandwich specimen was also conducted after each impact-

healing cycle. The visual photographs corresponding to the unimpacted, 1
st
 and 2

nd
 impact-

healing cycles are shown in Figure 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-scan and SEM observation and suggests a high efficiency of healing by shape memory 

functionality. 

 

 

 

 

Figure 30. SEM pictures showing the effect of healing on the microcrack 
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It is seen that after each impact cycle considerable damage occurred to the sandwich  

 

 

 

 

 

          Before impact 

           After first impact                                                    After first healing 

        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 core, 3-D core etc.) suffer from some limitations one way or 

another. The brittle nature of the foam core due to macro length scale damages, improper 

bonding of the skin to the core in web cores and pile buckling in 3-D cores 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 emphasis is given 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 quasi-static manner. So, the 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 

damages in a smart way. The quasi-static 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 further sub-divided into the following sections. 

(1) materials used and the fabrication methodology employed for manufacturing the grid 

structures, (2) 3- step thermomechanical programming to two different pre-strain levels (3% and 

20%), (3) low velocity impact tests (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 2-D confinement by the grid skeleton and 3-D confinement by the grid skeleton 

and the external transverse confinement) to 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 quasi-static response in the grid stiffened 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 

Glass fiber rovings (Saint Gobain) were used for dry 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 corrosion resistance. A woven 

roving fabric 7725 (Fiber Glast) was used as the top and bottom skin or face sheet. The shape 

memory polymer with glass microballoons (smart foam) was filled in the bay area of the grid 

stiffened sandwich structure.  

5.2 Grid Stiffened Smart Syntactic Foam Sandwich Fabrication 

The grid skeleton was made by a dry weaving process similar to that in [54]. Initially pins 

were nailed down on a sheetrock board such that the space between the nails was 254.0 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 pins in an orthogonal fashion. 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 Figure 32. The smart syntactic foam was then 

prepared and poured into the bay area. The 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 glass microballoons only. Hence the 
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time involved in fabrication of the smart foam was reduced considerably as well. The next 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 transferred into an 

industrial oven for curing at 79.4
o
C for 24 hours, followed by a cycle at 107.2

o
C for 3 hours and 

121.1
o
C for 6 hours to complete the total curing procedure. This modified curing cycle was used 

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

resulting in loss of the foam due to its highly volatile nature.  

 

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 analyzed. Each group contained at least 5 

effective specimens. The total number of effective specimens was 105. The nomenclature used 

Figure 32. Grid weaving, fabrication and finished grid stiffened sandwich structure 
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for each group of specimens is as follows: NP means control specimens without programming; P 

means control specimens after programming; C1 means compression after first round impact; 

C1FR1 means compression after first round impact and first round 2-D confined recovery (or 

ófree recovery (FR)ô without external confinement); C1CR1 means compression after first round 

impact and first round 3-D confined recovery (or óconfined recovery (CR)ô); C3FR3 means 

compression after third round impact and third round 2-D confined recovery; C3CR3 means 

compression after third round impact and third round 3-D confined 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 platen is fixed 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 reached 79.4
o
C (above the Tg of the SMP-62

o
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 of 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 system. The recorded 

data was post-processed to an ASCI file for analyzing the data. Once the specimen was 

compressed at 79.4
o
C to the designed prestrain level, the heating was stopped and the platens 

were allowed to cool down to room temperature while maintaining the prestrain constant (strain 

controlled programming). Once room temperature was reached, the platens were released and the 
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strain-controlled programming was completed. In this study, two prestrain levels, 3% and 20%, 

were used to program the specimens, respectively. 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 

Figure 33. 

 

5.4 Low Velocity Impact (LVI) Tests and Self-Healing  

Except for control specimens, low velocity impact tests were performed on each programmed 

specimen at the same impact location (center of the specimen) repeatedly using an Instron 

Dynatup 8250 HV drop tower machine. The tup nose is semi-spherical with a radius of 12.5mm. 

The impact velocity was respectively 3 m/s and 4m/s with a hammer weight of 6.64 kg, leading 

LVDT data 

acquisition system 

measuring 

displacement 

 

 

 

LVDT rod coming 

out of armature 

 

 

 

LVDT 

Figure 33. LVDT setup for Thermomechanical Programming 
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to impact energy of 30J and 53J. The test was conducted per 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 and energy 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 specimens was brought to an oven for shape recovery (2-D 

confined recovery/healing) at a temperature of 121.1°C for 3 hours. Another set was healed in a 

3-D constrained way. This was performed in the same compression molding equipment with 

both the top and bottom platens heated to the required temperature and both of them were in 

contact with the specimen thereby preventing free recovery. This setup will make the specimen 

recover in a 3-D confined way. The same process of impact and healing was continued until 7 

rounds.  

Impact energy is dissipated 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 constitutes a major part of 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 absorption can be obtained through the 

energy traces in terms of initiation energy and propagation energy.  

5.4.1 Low Energy Impact (30 J) 

The temperature profile immediately before and after impact of the smart sandwich specimen 

is shown in Figure 34 (a) and (b), respectively. It can be noticed that, with an incident energy of 

30J, the maximum temperature rising is only 2.5
o
C. This 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
o
C) is still much lower than the glass transition temperature of the SMP (62

o
C), suggesting 

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

 

Figure 35 (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. The error bar represents standard deviation. The effect of 

different levels of prestrain programming can be visualized. From Figure 35(a), the maximum 

impact load for the 3% programmed specimen is constant within the experimental errors after 7 

rounds of impact and healing. This suggests that the recovery process (both 2-D and 3-D) 

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 the 4
th
 round of impact and then is a 

constant until the 7
th
 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 healing efficiency has been achieved. The 

impact behavior for the 20% prestrained specimen also follows a similar trend. However, it is 

Before After 

(a)                            (b) 

 

Figure 34. Infrared image showing temperature profile of smart sandwich 

specimen (a) immediately before impact and (b) immediately after impact 
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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 (6.22 kN). This suggests that the increase in the prestrain level 

enabled an increase in the load carrying capacity of the sandwich structure.  

 

Table 3 summarizes the deflection at peak load, initiation energy, propagation energy, total 

energy and total time for the 3% prestrained, 30 Joules impacted grid stiffened sandwich 

structure for seven cycles of impact and healing. From Table 3, it can be seen that the deflection 

at peak load increases from the first impact until the third impact-healing cycle and then remains 

more or less a constant till the end of the seventh round of impact. Table 4 summarizes the 

deflection at peak load, initiation energy, 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 increases, showing the specimen is undergoing more damage. 

(a) Programmed   3% prestrain (b) Programmed   20% prestrain 

Figure 35.  Effect of programming strain levels on the impact responses  
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Table 3. Low Velocity Impact Results of 3% prestrained sandwich impacted at 30 Joules 

Number of 

Impact 

Cycles 

Deflection at 

Peak Load 

(mm) 

Maximum 

Load (kN) 

Initiation 

Energy (J) 

Total 

energy (J) 

Propagation 

Energy (J) 

Total 

Time 

(ms) 

1 4.13 6.29 18.20 31.42 13.22 4.87 

2 5.61 6.38 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 6.39 24.45 31.70 7.26 4.93 

7 6.21 6.13 23.96 31.56 7.60 5.04 

 

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

Number of 

Impact 

Cycles 

Deflection at 

Peak Load 

(mm) 

Maximum 

Load (kN) 

Initiation 

Energy (J) 

Total 

energy (J) 

Propagation 

Energy (J) 

Total 

Time 

(ms) 

1 4.26 7.20 19.04 31.64 12.61 4.44 

2 4.75 7.29 20.14 31.84 11.70 4.70 

3 5.11 7.15 21.36 32.11 10.75 4.77 

4 5.22 7.22 22.79 31.67 8.89 4.83 

5 5.10 7.54 22.11 31.71 9.60 4.49 

6 5.19 7.29 23.20 31.68 8.48 4.57 

7 5.27 7.23 22.13 31.61 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 employed. The 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 the 3
rd
 cycle, 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 loads to the 3% prestrained specimen with less deflection. 

A better visualization of the aforementioned results can be seen in Figure 36. Figure 36 shows 

a typical load and energy versus time plot for the 3% and 20% prestrained specimen after the 

first round of impact. It can be seen that the 20% prestrained specimen shows a higher load when 

compared with its 3% counterpart. 

 

 

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

energy versus time plots in Figure 36.  

5.4.2 High Energy Impact (53 J) 

In order to evaluate the effect of impact energy or the degree of damage on the self-healing 

efficiency, a higher impact energy (53J) impact test was also conducted. Because it was found 

that specimens programmed by 20% prestrain and recovered under 3-D confinement had better 

healing efficiency than  specimens programmed by 3% prestrain and recovered under 2-D 

confinement as discussed in 5.4.1, only specimens programmed by 20% prestrain and recovered 

under 3-D confinement was tested 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 and 3-D confined specimens. The error bars 

represent the standard deviation. It can be noted that the maximum impact force reduced from 

8.11 kN for the first impact cycle to 6.71 kN for the 7
th
 impact cycle. This reflects a decrease in 

the load bearing capacity by about 17%. Also, the initiation energy was almost constant and the 

propagation 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 efficiency was decreasing 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 section 5.6.  

Table 5 summarizes the deflection at peak load, maximum load, initiation energy, propagation 

energy, total energy and total time from the low velocity impact tests until seven rounds at 20% 

prestrain and 53 Joules of energy. 
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From Table 5 it can be seen that the deflection at peak load increases with the number of 

impact cycles. It can be noticed that the 20% prestrained specimen 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 

damaged regions when compared with the ones impacted at a lower energy (30J). 

The corresponding load and energy versus time plots for the first and seventh rounds of 

impact are depicted in Figure 38 to show the reduction in peak load after the seventh round of 

high energy impact. There is a considerable reduction in the peak load for the 7
th
 impacted 

specimen when compared with the 1
st
 one. This could be due to partial healing resulting in 

absorption of less impact energy.  

 

Figure 37. Effect of 7 rounds of impact-healing cycles on the maximum impact load (kN), 

initiation energy (J), and propagation energy (J)  
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Table 5. Low Velocity Impact Results of 20% prestrained sandwich impacted at 53 Joules 

Number of 

Impact 

Cycles 

Deflection at 

Peak Load 

(mm) 

Maximum 

Load (kN) 

Initiation 

Energy (J) 

Total 

energy (J) 

Propagation 

Energy (J) 

Total 

Time 

(ms) 

1 5.49 8.11 28.21 52.19 23.98 4.65 

2 5.68 7.56 28.12 51.28 23.15 4.71 

3 6.03 7.42 29.58 51.70 22.12 4.85 

4 6.12 7.15 29.26 51.19 21.93 4.91 

5 6.62 7.37 28.86 51.26 22.41 4.75 

6 6.96 6.97 30.09 51.17 21.09 5.11 

7 7.01 6.71 31.44 51.10 19.66 4.95 

 

 

 

 

 

 

 

 

 

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

 












































































