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ABSTRACT 

 

Shape memory materials (SMM) are those materials that possess the inimitable 

quality of remembering their shapes. They recover their original shapes upon exposure to 

external stimulus like heat, light, electric field, magnetic field, moisture etc. Types of 

SMMs include shape memory alloys (SMAs), shape memory polymers (SMPs) and shape 

memory ceramics. The most well-known and widely used SMMs are shape memory alloys. 

They have exceptional strength and shape memory characteristics with the most far-

reaching applications. SMPs though have several advantages over SMAs and other shape 

memory ceramics. Few of those could be termed as light weight, low cost, good process 

ability, high deformability, high shape recoverability, soft texture and adjustable switching 

temperature. This work incorporates the manufacturing and use of polyurethane based 

shape memory polymers obtained from SMP Technologies, Inc. The study investigates the 

effect of adding carbon fiber fabric layers on mechanical properties of the pure 

polyurethane based SMPs. The SMP is thermo-mechanically characterized for its transition 

temperature (Tg) using Differential Scanning Calorimetry (DSC) and Dynamic Mechanical 

Analysis (DMA). Fold-deploy shape memory tests are conducted to obtain shape memory 

parameters like shape fixidity (or retention) and shape recovery. In addition, effect of shape 

recovery at different temperatures, Tg, Tg+15, Tg+30 is also investigated to examine the 

effect of temperature increase in recovery ratio of the samples.  

Furthermore, static uniaxial tensile tests are performed to evaluate the mechanical 

properties of carbon reinforced SMP with focus on three important parameters vis-a-vis 

Young’s Modulus, Tensile Strength and Tensile Strain at break. The samples are also 

analyzed if the samples undergoing single or multiple cycles of deformation and recovery 
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had any effects on its mechanical properties. Finally, the effect of degree of deformation 

ranging from 45˚ bend to 135˚ bend is also studied for both pure SMPs and carbon fabric 

reinforced SMP samples (SMPC). Four-step shape memory cycle characteristics are also 

verified by conducting full scale finite element studies. The results indicated glass 

transition temperature for the manufactured SMP to be 62˚C, with excellent shape fixidity 

(99%) and shape recovery (98%) ratios. In addition, mechanical testing indicated 

considerable improvement in stiffness and strength of the composites compared to pure 

SMP (nearly 100% rise with 2% fiber volume fraction). These carbon reinforced 

composites could potentially be used for manufacturing structural components with 

insignificant loss of strength or stiffness after experiencing a number of characteristic shape 

memory cycles. Furthermore, the loss in strength/stiffness is independent of the high 

deformation angles in the shape fixidity step. 
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CHAPTER 1: INTRODUCTION 

1.1 RESEACH MOTIVATION 

Nature is full of instances with materials changing shapes in response to the 

fluctuations in their immediate environment (Liu & Urban, 2010). Be it the case of 

sunflower opening its petals in response to sunlight, opening and closing of Venus flytrap 

to capture prey or the color change enabled by small changes in the skin layers of cattle 

fish, biological intelligence is not a new phenomenon (Zhao et al., 2015). Likewise, there 

exist special functional polymers that have something unique to offer in terms of 

functionality. They have been the gauge of interest for quite some time. Shape Memory 

Polymers (SMP) are one such materials. They belong to a special class of materials viz. 

smart materials, particularly, to a subclass widely known as Shape Changing Polymers, 

which change the shape (or so does it appear macroscopically) in response to an external 

stimulus (Behl & Lendlein, 2007) like temperature (Chung et al., 2008; Gall et al., 2005; 

Lendlein & Kelch, 2002; Liu et al., 2007; Mather et al., 2009; Yu et al., 2011), magnetic 

field (Buckley et al., 2006; He et al., 2011; Kumar et al., 2010; Mohr et al., 2006; Schmidt, 

2006), light (Jiang et al., 2006; Koerner et al., 2004; Lendlein et al., 2005; Li et al., 2003; 

Scott et al., 2006), water (Chae Jung et al., 2006; Huang et al., 2005), etc. This feature of 

shape memory polymers is known as Shape Memory Effect (SME). Since this process 

involves change of shapes between two primary shapes (temporary and permanent) this 

effect is often termed as dual shape memory effect. The dual SME is illustrated in Figure 

1.1. 
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Figure 1.1: Schematic showing dual SME in shape memory polymers 

 

This exclusive SME property of these materials brings them on the forefront of 

materials to be used for numerous applications. Compared to other functional materials 

like electroactive polymer (EAP) or PZT, SMP is easier to process. Moreover, the ease of 

manufacturing, faster recovery rate, low cost and light weight properties of SMP over shape 

memory alloys have led to their rapid development and commercialization (Leng et al., 

2011; Liu et al., 2007). Until now, SMPs have had their share in wide ranging applications. 

It has been extensively used in medical field with the development of ophthalmic devices 

and its use in orthopedic surgery (Sokolowski et al., 2007). Biomedical sector has also 

greatly benefitted from its usage (Buckley et al., 2006; Gomes & Reis, 2004; Lendlein & 

Langer, 2002). Several industrial applications have also found their way with the 

development of shape adaptive grips, auto choke elements for engines etc. (Langer & 

Lendlein, 2002).  
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Various types of polymers have known to be exhibiting shape memory 

characteristics including epoxy based, cross-linked PE, cross-linked ethyl vinyl acetate 

polymer (Arnebold & Hartwig, 2016). Out of the wide-ranging list, polyurethane (PU)-

based SMPs (SMPU) have known to be advantageous on several fronts ranging from high 

shape recoverability, structure designability, wide range of glass transition temperature, 

and better biocompatibility (Zhao et al., 2015). SMPUs essentially exist in either rubbery 

state or glassy state depending on the surrounding temperature. On a molecular level, it 

consists of rigid net points interlinked via flexible switching segments (or chains) (see 

Figure 1.1). Net points determine the permanent shape and switching segments are 

responsible for fixing the temporary shape. On heating above its characteristic temperature 

(glass transition temperature, Tg; melting transition temperature, Tm; or less frequently used 

liquid crystal clearing temperature, Tcl) it becomes more flexible and easy to 

stretch/bend/curve. This flexibility is attributed majorly to the increased mobility of 

molecular chains. On the other side of the spectrum, below its transition temperature, it 

behaves as rigid plastic material and does not deform till sufficiently high loads are applied. 

Although SMPs have been used extensively for several engineering applications, 

their application in structures has been limited due to their low strength and stiffness. Little 

effort has been done to explore broadening the structural application of SMPs within the 

realm of improving their mechanical properties. Adding reinforcing fibers did show 

possibility of improved stiffness in SMP (Liang et al., 1997; Ni et al., 2000), but the field 

has been dormant lately. This work is focused on further exploring enhancing the 

mechanical characteristics of polyurethane based SMP through the use of carbon fiber 

reinforcing fabric to form a carbon-based SMP composite (SMPC). The study characterizes 



4 

 

the thermo-mechanical properties of SMPC using dynamic mechanical and static tensile 

testing. The shape retention and recoverability of both SMP and SMPC are also 

investigated through a series of fold-deploy tests. 

The objectives of this research are to: 

• Develop shape memory polymer at laboratory scale and characterize it for its 

transition temperature and shape memory properties. 

• Study the thermo-mechanical properties of shape memory polymer and shape 

memory polymer composites for potential applications in structural components. 

• Determine the most effective scheme to phenomenologically model shape memory 

cycle characteristics using ABAQUS. 

     

1.2 THESIS OUTLINE 

This thesis presents the experimental and analytical research findings of the thermo-

mechanical characterization study of unreinforced and carbon reinforced shape memory 

polymer performed at the University of Illinois at Urbana-Champaign (UIUC). Chapter 1 

provides the motivation and background for this study.   

Chapter 2 presents an overview of literature relevant to the research interests of this 

study. This includes more information on characteristics of shape memory polymer, shape 

memory polymer composites, and research on the applications of reinforced shape memory 

polymer in structural engineering and other associated applications.  

Chapter 3 presents experimental trial results of different methods adopted to 

synthesize shape memory polymer specimens in the laboratory. Different techniques used 
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are listed in detail along with final preparation steps used to manufacture shape memory 

polymer and shape memory polymer composite. 

Chapter 4 presents the results of the characterization studies performed to thermally 

characterize the shape memory polymer. This includes information on the Differential 

Scanning Calorimetry (DSC) and Dynamical Mechanical Analysis (DMA) studies to 

obtain the transition temperature. Fold-deploy test results are presented which were used 

to obtain shape memory parameters like shape memory retention and shape memory 

recovery.  

Chapter 5 outlines the development of different finite element models to study 

shape memory polymer behavior using ABAQUS (Dassault Systèmes 2014). This model 

is used to perform studies to phenomenologically model the four-step shape memory cycle 

characteristics to determine the most effective modelling scheme for shape memory 

parameters.  

Chapter 6 outlines the static tensile testing results conducted on shape memory 

polymer and shape memory polymer composites to obtain their mechanical characteristics. 

Also, presented are the results on studies conducted to study the effect of bending 

deformation on mechanical properties under one and multiple shape memory cycles. Effect 

of different bending deformation angles on mechanical characteristics of SMP and SMPC 

is also studied in greater detail. 

Chapter 7 summarizes the important findings of these experimental and analytical 

studies. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 SHAPE MEMORY MATERIALS 

Shape Memory Materials are those materials that have the unique capability of 

recovering their permanent shapes upon contact with external simulation such as heat, 

electricity, moisture and light (Zhao et al., 2015). Various forms of shape memory materials 

include shape memory alloys (SMA), shape memory ceramics and shape memory 

polymers (SMPs). SMAs were the first to be used extensively around 1980s while the other 

two forms came into eminence around 1990s (Hu, 2013; Hu et al., 2012). 

Shape Memory Alloys are the most used and widely accepted form of shape 

memory material owing to its high recovery stress, high strength and varied applications 

in different industries. They were first discovered back in 1930s. Au-Cd was the first alloy 

that was discovered to have these properties (Chang & Read, 1951). The momentum 

however gained prominence with the discovery of Ni-Ti based alloys, also called nitinol 

(Cai et al., 2005; Gu, 2013). The major advantage of these alloys came from their 

exceptional properties with high accuracy in glass transition temperature and huge recovery 

force (or stress) that is produced under the constrained recovery. These days wide variety 

of those are being used in various forms such as In-Ti, Cu-Zn and ternary alloys like Ni-

Ti-Nb and Ni-Mn-Ga (Schetky, 1994). 

The SMAs have found applications in many industries such as biomedical, 

electronics, and automobile industries. The SMA product range is very diverse and covers 

many inventions such as couplers and fasteners (Dong et al., 2001; Duerig et al., 1990; 

Wang et al., 2005), pace makers, bone fixing staples, stents, guide wires (Miyazaki, 1999; 

Otsuka & Ren, 1999; Stice, 1990) antenna, micro actuators, and sensors, anti-choking 
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systems (Hannula et al., 2006; Yoneyama & Miyazaki, 2008). Research over the years has 

proven several advantages of SMAs like very high elastic modulus, e.g., 80 GPa, excellent 

temperature resistance properties, easy and gradual deformation at the application 

temperature, very high recovery stress in a very short time (Nguyen et al., 2008), ranging 

from 150-400MPa, large shape recovery ratios up to 99%. On the other end of spectrum, 

there lies several demerits that prevent their extensive usage in many applications like high 

manufacturing cost, low recoverable strains usually ranging from 1-2% with the maximum 

10% (Lagoudas, 2008). Thus, shape memory polymers fir precisely in those scenarios 

where shape memory properties are required to be used but SMAs due to aforementioned 

properties can’t be well used. 

Shape memory ceramics (SMCs) are yet another such stimuli responsive materials, 

the difference lies in the activation of shape memory effect in them. Essentially, electric 

field is used for the activation of shape memory effect in them. Piezoelectricity or 

ferroelectricity is the term used, in which a two-directional electricity-strain relationship 

exists (Valasek, 1921). Some of the well-known ceramics demonstrating SME are barium 

titanate (BaTiO3), which is also the first piezoelectric ceramic discovered, lead titanate 

(PbTiO3), lead zirconate titanate (Pb[ZrxTi1−x]O3) (0<x<1) (known as PZT and the most 

frequently used commercially available piezoelectric ceramic), potassium niobate 

(KNbO3), sodium tungstate (Na2WO3) (Jaffe, 2012). 

The applications of SMCs are very much diverse and mostly concentrated in the 

areas of actuators, sensors, and energy generation from motion. The most famous 

applications include sonar detectors in submarines, lighters, energy generation from motion, 

transducers, and vibration detectors (Pons et al., 2007; Wax et al., 2003). 
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SMPs although less explored compared to SMAs, have several advantages over 

their SMA counterparts like low cost, light weight, high shape fixidity and recoverability, 

superior deformation levels, ease of manufacturing and the ability to adjust or tailor the 

transition temperature thermo-mechanically. They are detailed in further detail in the next 

section. 

 

2.2 SHAPE MEMORY POLYMERS 

Shape memory polymers (SMP), sometimes lightly referred to as smart polymers 

or more scientifically stimuli-responsive polymers have the ability to recover from 

temporary shape to permanent shape on exposure to external stimuli (Liu & Urban, 2010). 

This is quite in resemblance to the biological intelligence observed in the nature. SMP 

belong to a wider class of materials widely termed as Shape Changing Polymers (SCPs) 

(Zhao et al., 2015). Whereas macroscopic changes in polymer functions are often 

accompanied by chain conformational changes (i.e. shape changes at the molecular scale), 

stimuli-responsive shape changing polymers (SCPs) commonly refer to those for which 

shape changes are either macroscopic or at least visible under microscopes. The 

differentiating behavior that sets the SMP apart from other shape changing polymers is the 

feature termed as programmability. Programmability is the process or the procedure 

adopted that essentially involves the application of external (generally, physical in nature) 

force or stress that defines the shape shifting pathway. This process is independent of how 

the material is prepared or fabricated in the first place. SMPs fall under this special category 

of Shape Changing Polymers which can be programmed after the fabrication step to 

determine the temporary fixation step to recover back subsequently to the original 



9 

 

permanent shape upon stimulation (mostly heating). As is evident that this whole process 

of fixation and recovery involves two basic shapes, one temporary and other permanent, 

this phenomenon is referred to as dual shape memory effect (SME) representing the most 

common and well known SMPs. The most well-known examples for the non-

programmable type of shape changing polymers include swelling/deswelling of hydrogels 

(Qiu & Park, 2001) to the intriguing reversible surface morphological changes of liquid 

crystalline elastomers (LCEs)(Yang et al., 2006). Figure 2.1 illustrates the common 

classification of shape changing polymers as described in the paragraph above. 

 

 
Figure 2.1: Classification of shape changing polymers (Zhao et al., 2015) 

 

The shape memory behavior shown in Figure 1.1 is typically termed as thermally 

induced one-way dual shape memory behavior for the polymer in its most neat form. 

Thermally induced refers to the mode of stimulation that is used in activating the polymer. 

One-way refers to the irreversible shape-shifting behavior, i.e. the phase transformation 

takes place from temporary shape to permanent shape and the reverse case scenario is not 
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possible. Dual shape memory behavior refers to the number of shapes involved in the 

process, here the case being two, one intermediate after the shape fixidity step (temporary 

shape) and one original or permanent shape that is started from. However, SMPs can exist 

in many different permutations and combinations of the same. The mode of activating the 

shape memory behavior can also be electrical (Asaka et al., 1995), moisture (Chae Jung et 

al., 2006) and even magnetic (Mohr et al., 2006). The tunability of shape memory polymers 

also in a way help program SMPs where more than one intermediate shape exists, termed 

as multi SMPs. Similarly, SMPs need not only be one-way and can be 2W-SMPs also. On 

similar lines, the SMP need not be in its purest / neat form, it also exists in the gel or the 

composite forms. Figure 2.2 illustrates a schematic example of one-way dual shape 

memory polymer and one-way triple shape memory polymer (with two metastable 

intermediary shapes and one equilibrium (permanent) shape).  

 
Figure 2.2: Dual and Triple Shape Memory Effect (Zhao et al., 2015) 

Though, in more traditional terms SMPs have been classified into chemically (or 

physically) crosslinked glassy (or semi-crystalline) polymers (Lendlein & Kelch, 2002; 
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Xie, 2011). This classification is mostly related to the thermal phase transitions that occur 

in the shape memory polymer. More recently though, reversible molecular phases are more 

prominent in vast comparison to reversible switches (Hu et al., 2012). 

 

2.2.1 Molecular Mechanism of SMPs  

The shape memory behavior just described in previous sections can also be 

fundamentally explained from the molecular stand point. The case of thermally induced, 

one-way shape memory polymer is taken to elaborate the mechanism of shape memory 

effect. As shown in Figure 2.3 (black dots: netpoints; blue lines: molecular chains of low 

mobility below Ttrans; red lines: molecular chains of high mobility above Ttrans), at the 

microscopic level, the shape memory polymer consists of switching segments (or chains) 

that undergo conformational changes and network points that maintain the network. At 

temperatures below the transition temperature, Tg (or melting temperature; Tm, or 

crystallization temperature; Tcl) the material is very rigid, whereas going past that 

temperature, the material becomes considerably softer, essentially behaving like a rubber 

(or elastomer) which can be molded to any desired shape. The material deformed at this 

temperature is more commonly described as deformation temperature (Td). At the 

molecular level this observed phenomenon is explained via slackening or loosening of 

molecular chains. With the application of externally applied force or stress, a metastable 

intermediary shape is fixed, while the temperature is lowered, principally locking the shape. 

The temperature at this fixation step is termed as shape fixing temperature (Tf). The 

mobility of the chains is the lowest at this point, effectively in a completely restrained 

position that doesn’t allow any movement. The permanent shape which is also the 
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equilibrium shape gets restored when the polymer is again heated past the transition 

temperature. Again, at the molecular scale, heating activates the molecular mobility, which 

releases the entropic energy, thus driving the molecular chains back into its highest entropic 

state corresponding to the permanent shape (Zhao et al., 2015). 

 

 
Figure 2.3: The molecular mechanism of the dual-SME (Zhao et al., 2015) 

 

2.3 SHAPE MEMORY POLYMER COMPOSITES  

Pure SMPs, severely lack many properties that make them unsuitable for various 

functions, specifically that require high mechanical properties, like high stiffness and 

strength, or for that matter high recovery force, good electrical conductivity and self-

healing properties. Therefore, lately research on shape memory polymers has shifted base 

to develop shape memory polymer composites to study in greater detail their mechanical 

and other thermo-mechanical characteristics to meet as desired requirements in varied 

application areas. On a very fundamental level, polymer composites polymer composites 
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are an amalgamation of a polymer matrix and filler materials such as particles, fibers, 

platelets or tubes, where the size of filler material varies from micro to nano scale usually 

(Lendlein, 2010). The matrix or the host in this case, i.e. the shape memory polymer binds 

the filler together and essentially protects them from damaging by uniform distribution of 

stress within the whole specimen. This unique interaction between the host and filler 

creates an interconnected network which in turn enhances material properties and create 

novel functionalities that are non-existent otherwise. The development of shape-memory 

polymer composites (SMPCs) enables high recovery stress levels as well as novel functions 

such as electrical conductivity (Liu et al., 2008; Lu et al., 2007), magnetism (Ding et al., 

2008; Kommareddi et al., 1996), optical functions (Ravindranath et al., 2006; Sainz et al., 

2006) and biofunctionality (Chiellini et al., 2008; Costantino et al., 2009). 

The filler materials that have been used in the past decade to develop shape memory 

polymer composites can be categorized into three main categories, explicitly particles, of 

filler materials could be found, namely particles (e.g., silica, metal, polyhedral oligomeric 

silsesquioxanes (POSS), and other organic and inorganic particles), layered materials (e.g., 

graphite and layered silicate), and fibrous materials (e.g., nanofibers and single-walled and 

multi-walled nanotubes). These three types are as illustrated in Figure 2.4 with an important 

morphological characteristic that describes the surface area to volume ratios.  



14 

 

 
Figure 2.4: Surface/volume (S/V) ratios for varying filler geometries, r is the radius, l is 

the length, and t is the thickness of filler (Hussain et al., 2006) 

 

As stated previously, for the case of shape memory polymers, with light weight, 

low cost of preparation, easy manufacturability and high recovery strain (compared to their 

SMA counterparts), they still possess very less recovery stress (2-3MPa) compared to very 

high in the case of shape memory alloys (0.5±0.25GPa) and inferior stiffness and strength 

values (Mondal & Hu, 2006). Different types of fibers ranging from micro-nano scale have 

been added to increase the stiffness and strength characteristics of the polymer, namely 

carbon glass and Kevlar fibers. Depending on the type of fibers used, varied level of 

enhancement in properties has been obtained for different polymer blends. For e.g. for the 

case of shopped fibers like carbon, 40-50 % wt. was required to obtain the necessary 

improvement in polymer stiffness whereas for its nano size counterpart like SiC for 

example improved the constrained bending force recovery by 50 % compared with neat 

polymer by its mere addition of 20% by wt (Wei et al., 1998). On the other hand, with the 

addition of fibers, the recovery strain has been shown to decrease considerably in addition 
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to ultimate strain limit due to the limiting strain carrying capacity of filler fiber materials 

added. It has been reported a loss of shape recovery rate from 98 % to 65 % with the 

addition of 30 % by weight of carbon black to a polyurethane based SMP (Gall et al., 2002).  

Interestingly, out of all the filler materials that have been added to different shape 

memory polymer mixes, carbon nanotubes have excelled in improving the properties due 

to their terrific mechanical, thermal and electrical properties. Superior mechanical 

properties have been reported due to addition of carbon nanotubes (CNTs) by different 

researches over the last few years (Cadek et al., 2002; Coleman et al., 2006). In addition, 

superior stress and strain recovery characteristics have also been observed for SMP blends 

with carbon nanotubes. Despite all the benefits as mentioned above, dispensability of the 

CNTs in the polymer mix has been a constant source of complexity in manufacturing these 

polymer mixes. Although it has been reported that the compatibility and homogeneous 

distribution of CNTs could be obtained by surface modification in nitric acid and sulfuric 

acid mixture and several other related techniques, the process still remains tedious at the 

least. Recently, cup stacked carbon nano tubes (CSCNT) have been reported to gain 

momentum with exemplary advantages over single-walled carbon nanotubes (SWCNTs) 

and multi-walled carbon nanotubes (MWCNTs) (Endo et al., 2003a; Endo et al., 2003b; 

Hasobe et al., 2007). Their unique morphology with hollow core and large portion of open 

ends offer better interphase and interaction properties with the surrounding polymer 

properties and hence significant improvement in mechanical properties (Endo et al., 2003a). 

It was observed that isothermal mechanical tests conducted on CSWT reinforced polymer 

indicated the elastic modulus, tensile strength and flexural strength increased by 61 %, 66 % 

and 84 % respectively with mere 2 % reinforcement. Also, the glass transition temperature 
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of SMP composite decreased from 61.9˚C to 52.8˚C by embedding 2 wt.% of CSCNTs, 

indicating that the shape recovery process could be triggered more easily by external 

stimulus due to the role of reinforcement fillers (Yu et al., 2014).  

Also, noticeable is the fact that not only is the development in terms of mechanical 

properties is obtained via addition of fibers, but new functionalities are introduced to the 

shape memory polymers vis-à-vis conductivity, electrical and magnetic facilities bio 

functionality depending on the type of fiber used for the study. Specifically, for the 

conductivity, fillers such as carbon black (CB), carbon fibers, carbon nanotubes, or 

graphite which are highly conductive materials have shown to contribute significantly to 

make conductive polymers. These carbon-based compounds have significantly lower 

electric resistance and the resulting SMPC are highly conductive in nature which could be 

triggered by the means of joule heat as an indirect method of actuation (Lendlein, 2010). 

(Leng et al., 2008) investigated the electrical and thermomechanical properties of a SMPC 

containing carbon black nanoparticle and short carbon fiber of 0.5-3mm length and 7μm 

diameter. These filler materials together in conjunction greatly improved the conductivity 

of the material. Figure 2.5 shows the shape memory cycle for SMP/CB/SCF composite. 
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Figure 2.5: Series of photographs showing the macroscopic SME of SMP/CB/SCF   

composite containing 5 wt% CB and 2wt% SCF (Leng et al., 2008) 

 

Similarly, Magnetically-induced SME for composites from thermoplastic SMPU 

and aggregated micro-sized Fe3O4 particles for different particle contents up to 40 vol.% 

was reported (Yang et al., 2005). The magnetic particles were mechanically mixed with 

the SMPU at 200˚ C for 10 min. Alternating magnetic field with a frequency of 50Hz and 

a magnetic field strength of 4.4kAm−1 were employed to induce the SME. Under this 

condition a programmed helically bended stripe consisting of SMPU and 20 vol.% 

magnetic particles recovered to its original plane stripe shape within 20min. Similarly, 

other studies like have looked into various thermo-mechanical property enhancements with 

magnetically induced shape memory polymer composites.  

The current study in particular looks into developing carbon fiber fabric composites 

much like the composite laminates to improve the stiffness and strength characteristics of 

a polyurethane based SMP for potential applications in structural engineering applications 

which has yet remained unexplored. 
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2.4 STRUCTURAL APPLICATION OF SHAPE MEMORY POLYMER COMPOSITES 

SMPs have some drawbacks, such as low strength, low stiffness, and low recovery 

stress. Therefore, the need for development of fiber-reinforced shape memory polymer 

composites came into being to satisfy the ever-increasing strength and stiffness demands 

of the composites with shape memory properties. Microelectromechanical systems, surface 

patterning, biomedical devices, aerospace deployable structures (Liu et al., 2014), and 

morphing structures (Chen et al., 2014) are various dimensions where the SMP composites 

have either been studied lately or currently being explored. In order to light the weight and 

reduce the mechanical complexity of the inflatable structure system, Li et al. (2016) have 

designed and analyzed a cubic deployable support structure based on SMPC preliminarily. 

The cubic deployable support structure performs high packaging efficiency for launch, 

self-deployment without complex mechanical devices and can improve the robustness of 

the inflatable structure system. The cubic deployable support structure based on SMPC 

consisted of four dependent spatial cages, each spatial cage is composed of 12 three-

longeron SMPC truss booms and end connections as shown in Figure 2.6.  

 

 
Figure 2.6: (a) Cubic deployable support structure, (b) three-longeron deployable 

laminates unit, 1 –end connection, 2 – three-longeron SMPC truss boom, 3 – extendable 

central bracket, 4 – arc shaped deployable laminate, 5, 6 – connectors, 7 – resistor heater. 

(Li et al., 2016) 
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Also, Takeda et al. (2015) investigated and presented findings on flexural stiffness 

controllability of hybrid beams and woven carbon fiber reinforced polymer (CFRP) 

composite and SMP layers. Flexural tests were conducted on the layered cantilever beams 

to evaluate the dependence of the beam flexural stiffness on the temperature. In addition, 

electrical resistive heating of the woven CFRP layers was employed to control the 

temperature of CFRP layers. Figure 2.7 shows the schematic of hybrid layered cantilever 

beam. 

 
Figure 2.7: Schematic of hybrid layered cantilever beam (Takeda et al., 2015) 

 

Also, Baghani and Taheri (2015)  investigated the structural behavior of a shape 

memory polymer (SMP) actuator analytically. This system consisted of a reinforced SMP 

beam and a spring which was attached to the beam in a part of thermomechanical shape 

memory effect (SME) cycle. 
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The authors proposed that the developed analytical solution can be used as an 

effective and efficient tool for investigating the effects of changing any of the material or 

geometrical parameters on smart structures consisting of SMP beams (e.g. actuators made 

of SMP beams) for their design and optimization where a large number of simulations is 

required. 

Lan et al. (2009) have developed a type of carbon-fiber reinforced SMPC hinge to 

actuate solar array deployment and performed an experiment to simulate the deployment 

process in a zero-gravity environment. Also, Yang et al. developed a new type of mesh-

surface antenna deployed using SMPC tapes, as demonstrated in Figure 2.8. The structure 

essentially consists of six pieces of SMPC thin shell tapes, six tape linkers, six guided ribs, 

a steel supporter and six resistor heaters (Liu et al., 2014). 

 

 
Figure 2.8: The space deployable mesh-surface antenna model: (a) deployed SMPC 

antenna and (b) packaged SMPC thin shells (Liu et al., 2014) 

 

Although, as seen above, SMPC composites have been widely developed using 

wither short fibers or micro/nano fibers, for various applications in aerospace industry, 

little has been done to investigate the used of fabrics and produce laminate like composites. 
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This work aims at manufacturing and thermos-mechanically characterizing carbon fiber 

fabric reinforced shape memory polymer composite for potential structural engineering 

applications. 
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CHAPTER 3:  MATERIAL PREPARATION 

3.1 INITIAL TRIAL  

For the current study, a Shape Memory Polymer was required that would have its 

glass transition temperature way outside the ambient temperature range. This is to avoid 

triggering of shape memory effect in shape memory polymers for field-level applications. 

The following raw materials were obtained to synthesize the polyurethane based shape 

memory polymer: 

Polyol: Poly (tetrahydrofuran) glycol-650 with a molecular weight of 650 g/mol 

and melting temperature of nearly 16°C was obtained from Sigma-Aldrich. Figure 3.1 

presents general chemical formula for Poly (tetrahydrofuran). 

 

 
Figure 3.1: Chemical formula of Polyol 

 

Diisocyanate: 4,4'-methylene diphenyl diisocyanate (MDI) is commercially 

available (MDI) and was obtained from Sigma Aldrich (USA) with a molecular weight of 

250 g/mol and a melting point of 39 °C. The material was kept in refrigerator, at -10 °C 

with no contact with water or light, in a sealed container. Figure 3.2 illustrates the chemical 

formula of MDI. 
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Figure 3.2: Chemical formula of Diisocyanate 

 

Chain extender: 1, 4-butanediol (BD) with molecular weight of 90 g/mol was 

purchased from Sigma Aldrich, USA. These small molecular weight diols are used to 

increase the molecular weight of polyurethane and to enhance phase separation. Figure 3.3 

demonstrates the chemical formula of 1,4-BD.  

 
Figure 3.3: Chemical formula of 1,4- butanediol 

 

Catalyst: Dibutlytin dilaurate was obtained in liquid form from by Sigma Aldrich, 

USA. Figure 3.4 below illustrates a general formula of the same 

 

 
Figure 3.4: Chemical formula of Dibutlytin Dilaurate 
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3.1.1 Synthesis of Polyurethane System  

The polyurethane shape memory polymer was synthesized by using poly 

(tetrahydrofuran) glycol-650 (Sigma-Aldrich) as the soft segment and Methylenebis 

(phenyl isocyanate) (Sigma-Aldrich) and Butanediol (Sigma-Aldrich) as the hard segments. 

All the chemicals were dried before use. Figure 3.5 shows the manufacturing process for 

the same. 

 

 
Figure 3.5: SMP Preparation Schematic 

 

  The synthesis was conducted by bulk polymerization. Dibutyltin dilaurate was used 

as the catalyst. The switching transition of the shape memory polymer was modified by 

varying the soft segment length and hard segment content. The poly (tetrahydrofuran) 

glycol was first reacted with the Methylenebis (phenyl isocyanate) for 20 min. Then the 

prepolymer was reacted with the chain extender. After about 30s of mixing, the mixture 
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was cast into a mold covered with polytetrafluoroethylene for further reaction. The cast 

mixture was cured for 12 h at 110°C by in oven. Reversible phase transformation of soft 

segment is reported to be responsible for the shape memory effect. Therefore, the shape 

memory effect could be controlled via molecular weight of soft segment, mole ratio 

between soft segment and hard segment, and polymerization process and can be obtained 

at the range of temperatures around Tg. Various trial mixes with different percentages of 

hard and soft segments were tried to ensure the desired shape memory properties with 

requisite glass transition range could be obtained. Table 3.1 shows the mol % ratios used 

for different trial mixes for the current study. 

 

Table 3.1: Trial Mixes for SMP 

 

 

This method of preparation was later rejected due to complexities of laboratory 

control involved in the process of manufacturing. 

 

3.2 FINAL MATERIAL PREPARATION  

Polyurethane based Shape Memory Polymer (SMP-5510) obtained from SMP 

Technologies Inc., Japan was used for the entire study. The product is potting type and 

Hard Segment Soft Segment Catalyst

5 1 4 45

4 1 3  40

3.5 1 2.5 35

3 1 2 30

2.5 1 1.5 25

Mol [%]
wt. % of hard segment
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Table 3.2 ("Shape Memory Polymer Properties," 2016) enlists the basic properties of this 

product. 

Table 3.2: Basic Properties of MP-5510 

 
  

The material obtained was in the form of two-part system, resin (A) and hardener 

(B). This SMP family is semi-crystalline with a degree of crystallinity of 3∼50 wt. % 

(Hayashi, 1992). The obtained product (SMP5510) was a proprietary product of the 

company, produced using commonly available diisocyanate, polyol and a chain extender. 

Properties Region Parameter Value

Color Tone - - Light yellow

A/B Weight Ratio - - 40/60

Solution A 200-600

Solution B 200-800

Solution A 1.062

Solution B 1.215

Residue 1.21

Bending Strength (MPa) 75

Bending Modulus (MPa) 1800

Tensile Strength (MPa) 52

Hardness (Shore D) 80

Tensile Strength (MPa) 20

100 % Modulus (MPa) 4.5

Hardness (Shore D) 40

Glass Transition Point (˚C) - - 55

Pot Life(Standard) 180 sec

Cure Temp(˚C x time) 70˚C x 1hr-2hr

a 
G/R , Glassy Region

b 
R/R , Rubbery Region

-

-

-Cure

R/R
b

G/R
a

Specific Gravity 

Viscosity(mPA·s)

Strength
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Figure 3.6 illustrates the chemical formula of the individual components and the final 

polyurethane product.  

 

 
Figure 3.6: Polyurethane based SMP used in the study 

 

3.2.1 SMP and SMPC fabrication 

The fabrication process of the polymers used in the study comprised of four primary 

steps. The first step is the preparation step, which involves drying of liquids A and B for 1 

hour at less than 50 torr pressure. The temperature is fixed at 50˚C while the components 

are degassed in the degassing oven. In addition, the die is dried for an hour at 70˚C. The 

second and the most vital step in the preparation of the product is the potting step. Herein, 

firstly, liquid A and B are placed in vacuum chamber of less than 50 torr. After drying, the 

component B (the hardener) is filtered using a mesh to remove the thin dried film formed 

on its surface. This helps achieve a more homogeneous mix. Then, liquids A and B are 

mixed in 40:60 ratio for 30 seconds with continuous stirring at the speed of 60 rpm. 
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Instantly after the mixing, the mixed solution is poured in the die. The vacuum is 

discharged immediately as the solution flows completely inside the die. The third and next 

important step is curing and removal. It involves removal of the die from the vacuum 

chamber and curing the material for 1-2 hours at 70˚C. Thereafter, finished product is 

removed from the die and cured for an additional 1-2 hours at 70˚C, if necessary. The fourth 

and final step is the cleaning step. The manufacturer recommends methylene chloride for 

the cleaning.  

Preparation of SMPC, for most part remains analogous to SMP. Fabrics used for 

the current study were obtained in most part were from FiberGlast, USA with the properties 

as mentioned in the following Table 3.3. 

 

Table 3.3: Product properties of carbon fiber fabric used in the study 

 

 

The difference in preparation comes after the step when the liquids are mixed. 

Instead of pouring the complete mixture into the die, it is half-poured, the carbon fabric is 

placed, coated with a brush of resin to completely infuse resin into the fiber, followed by 

pouring resin into the remainder of the die mould. It is then placed for curing at 70°C, as 

quickly as possible, owing to short pot life of the resin (180s). The schematic diagram in 

Warp Raw Material 3K-Multifilament Continuous Tow

Filling Raw Material 3K-Multifilament Continuous Tow

Weave Pattern Plain

Fabric Area Weight 193 ± 8 gsm 

Warp Ends/Inch 12.5 ± 1.0

Pick/Inch 12.5 ± 1.0

Nominal Thickness 0.012 inches

Fabric Width 50 ± 0.25/-0 inches

Parameter Type/Value
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Figure 3.7 summarizes the entire process for the manufacturing of SMP and its composite 

(SMPC).  

 

 
Figure 3.7:  Manufacturing methodology for SMP and SMPC 
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CHAPTER 4:  THERMOMECHANICAL CHARACTERIZATION  

4.1 CHARACTERIZATION METHODS 

The thermomechanical characterization methods utilized in this study can be 

divided into three subcategories: 1) thermal, e.g., differential scanning calorimetry (DSC) 

and dynamic mechanical analysis (DMA); 2) mechanical, e.g., tensile testing; and 3) 

geometrical, e.g. fold deploy tests to characterize shape memory properties. The current 

chapter covers DSC, DMA, and fold deploy shape memory tests.   

 

4.1.1 Differential Scanning Calorimetry 

DSC belongs to physical and physico-chemical methods of thermal analysis which 

are used to detecting thermal energy (enthalpy) changes in observed substances. The 

conceptual paradigm for DSC was initially determined from the theory of Differential 

Thermal Analysis (DTA). DTA, in theory measures the temperature difference between 

the sample under study and the reference sample (which does not undergo any phase 

change or transition) as the furnace undergoes a temperature controlled program. DSC 

instead of measuring the change in temperature, measures the change in enthalpy. This is 

primarily based on the principle that one sample and one reference are heated and cooled 

at a pre-specified rate and the compensated heat flux is measured that keeps the temperature 

of both the substances the same (Nguyen, 2012). Usually, to keep the temperatures same 

for the two substances, two individual heaters are used to supply heat. The experimental 

DSC curve shows the heat flux (mJ/s) or specific heat capacity Cp (J/gK) versus 

temperature. 
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For the current study, DSC was essentially used to determine the glass transition 

temperature and to determine if there was any crystallinity present in the samples. 

Experiments were run using a Perkin–Elmer Diamond DSC. Figure 4.1 shows the 

experimental setup used for the study at microanalysis laboratory facility at University of 

Illinois, Urbana-Champaign. 

 

 
Figure 4.1: DSC Setup at microanalysis facility, UIUC 

 

The first most important step in the process was the sample preparation. Normally 

the sample’s weight for DSC varies from 2 mg to 5 mg. Usually, if the sample size is too 

little, DSC cannot detect the enthalpy change and the very purpose of DSC falters. On the 

other end of spectrum, if the sample is way too much, DSC becomes ineffective in the 

sense of thermal gradient being too high (Nguyen, 2012). Also, to be noteworthy is the fact 

the temperature is not homogeneous everywhere, the deepest point where the contact is the 

hottest point. For the current study, 5 mg samples were cut from heat and radiation 

crosslinked samples and placed in standard aluminum pans. The samples were loaded at 

room temperature. The temperature range was -20 – 200˚C, with a ramp rate of 20˚C/min 

and a soak time of 5 min at the end of each heating/cooling cycle. An initial ramp cycle 

was run for each sample to relieve thermal stress and allowed any residual solvent or 
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monomer to evaporate, and a second ramp cycle was run to determine Tg. As it was known 

prior that glass transition is below 100˚C, for the second cycles (after the first cycle 

removes any thermal history) the maximum temperature was restricted to 100˚C Glass 

transitions were determined using the Pyris software according to the half-height method. 

Two samples from the same batch were run through the two cycles of heating and cooling 

each. Figure 4.2 shows the results for sample 1. 

 

 
Figure 4.2: DSC Curves for Sample 1  

 

   Due to the non-crystallinity of the samples, and perhaps due to sample being not 

completely homogeneous, the sharp peaks around the glass transition temperature were not 

obtained and hence a second run was performed to get consistency in results. The weight 

of the sample was kept the same and the sample was run through an initial cycle ranging 

from -20-200˚C with a soak time of 5 minutes at the end of each terminating point and then 

later for the main cycle, the variation in temperature range was kept from -20-100˚C with 

a soak time of 10 minutes each. Figure 4.3 shows the results from the DSC analyses of the 

sample identity 2. 
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Figure 4.3: DSC curves for sample 2    

Due to the fact that for the polyurethane based SMP, Differential Scanning 

Calorimetry couldn’t give a complete transition range for the samples, the prepared 

samples were later thermo-mechanically characterized for glass transition by Dynamic 

Mechanical Analysis as described in more detail in the later section. 

 

4.1.2 Dynamic Mechanical Analysis 

Measuring the glass transition temperature (Tg) of the SMP used in this study was 

performed using dynamic mechanical analysis (DMA). The glass transition is associated 

with the motion of polymeric chains including the neighbouring segments. DMA measures 

the viscoelastic moduli, storage and loss modulus, damping properties, and tan delta, of 

materials as they are deformed under a period (sinusoidal) deformation (stress or strain) as 

shown in Figure 4.4 (Perkin Elmer, 2013). 
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Figure 4.4: Principle of DMA (Perkin Elmer, 2013)  

 

A sinusoidal deformation of the sample is produced by the shaker (applied load ~ 

STRESS) and when the material is deformed under such oscillatory stress, the material 

response is measured. A slightly out of phase wave is measured by the LVDT (resulting 

~STRAIN) 

  The very basic characteristics of this response may be used to determine the elastic 

and viscous properties of the material. Elastic properties are measured via a parameter 

better known as Storage Modulus and viscous properties are determined via the parameter 

known as loss modulus. These properties are extremely sensitive to the glass transition as 

the material quickly changes nature from rigid to flexible around this temperature range. 

Tangent Delta is yet another parameter which is defined as the ratio of the loss modulus to 

the storage modulus and is a measure of the damping properties of the material. In the case 

of a perfectly elastic material, for example, steel, delta = 0º s shown in Figure 4.5. In the 

case of a perfectly viscous material, for example, water or glycerine, delta = 90º as shown 

in Figure 4.6. 
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Figure 4.5: Load-response characteristics for a perfectly elastic material  

 
Figure 4.6: Load-response characteristics for a perfectly viscous material 

 

For this study, tests were performed using three-point bending mode as this mode 

is known to work best with stiff samples. The dimensions of the samples used were 45 mm 

(L) x 12.55 mm (W) x 3.1 mm (T). The temperature range of the test was kept within 25˚

C and 75˚C and the loading rate for heating the sample was 1˚C/min while the unloading 

rate for cooling was 10˚C/min. Oscillation frequency was specified to be 1 Hz. The 

quantities that were kept in consideration were storage modulus, loss modulus and tanδ. 
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Here, tanδ, the tangent of the phase angle is the ratio of loss modulus to storage modulus.  

Figure 4.7 shows the setup (PerkinElmer DMA 8000) used for performing the DMA tests.  

 

 
Figure 4.7: DMA Setup (Perkin Elmer DMA 8000)  

   

 Figure 4.8 shows the evolution of storage modulus and loss modulus of SMP with 

respect to temperature. Evidently, the polymer is quite stiff at room temperature and softens 

as the temperature is raised past Tg. The glass transition temperature range is observed to 

be from 45˚C to 65˚C which is evident from storage modulus and loss modulus function 

variations against temperature in the graphs presented in Figure 4.8a and Figure 4.8b. As 

the glass transition temperature is defined as the peak of the tan δ curve, by examining the 

tan δ curve shown in Figure 4.8c it was concluded that the Tg for the current polyurethane 

based SMP is approximately 62˚C. 
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Figure 4.8: Dynamic mechanical analysis results: (a) storage modulus vs. temperature 

(b) loss modulus vs. temperature (c) tanδ vs. temperature 

 

4.2 SHAPE MEMORY CHARACTERIZATION  

Shape memory retention is the discerning quality of SMPs which differentiates 

them from other conventional polymers. Hence, it is of utmost importance to characterize 

SMPs for its shape retention and shape recovery characteristics. In general, universal 

testing machine is used to test the samples for stress-strain curves. Shape recovery and 

retention ratios are then calculated from those curves (Guo et al., 2015). These traditional 

tests are not very suitable for all SMP types. For  this study, ‘fold-deploy’ shape memory 

tests (Liu et al., 2010) were performed to evaluate shape memory characteristics. The test 

essentially consists of three steps: firstly, the samples are heated above the transition 
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temperature using a heat gun. As the material flexes, it is bent about its central axis. The 

maximum bending angle is recorded at this point and hereafter named as θmax. In the next 

step, the bending forces are held constant and the specimen is cooled below its transition 

temperature. The forces are then removed and the bending angle is recorded again at this 

stage and is termed as θfixed. For the third and final step, the specimen is heated in steps 

until the maximum shape recovery is observed. The bending angle is recorded at intervals 

of 20s and termed as θi. The shape recovery process for pure SMP is shown in Figure 4.9 

below. 

 
Figure 4.9: Shape recovery in pure SMP 

 

The shape retention and recovery ratios are calculated as follows: 
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 𝑆ℎ𝑎𝑝𝑒 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 =  
 𝜃𝑓𝑖𝑥𝑒𝑑

𝜃𝑚𝑎𝑥
 × 100 % (1) 

 𝑆ℎ𝑎𝑝𝑒 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  
 𝜃𝑚𝑎𝑥 − 𝜃𝑖

𝜃𝑚𝑎𝑥
 × 100 % (2) 

 

It was found that the polyurethane based SMP used in the study has very high shape 

retention and shape recovery ratios. Shape retention as high as 99 % was observed for pure 

SMP samples. Also, in order to investigate the influence of heating temperature on shape 

recovery ratio, shape recovery performance (for the final step in fold-deploy test) was 

measured at varying heating temperatures (Figure 4.10). The heating temperatures 

considered are Tg (62 °C), Tg+15 (77 °C) and Tg+30 (92 °C). The bending angle in 

consideration is 180˚. It was observed that for the current SMP product, maximum shape 

recovery ratio which was 98% was independent of the heating temperature. However, 

increasing the heating temperature above Tg increased the rate of shape recovery 

significantly.  

 
Figure 4.10:  Effect of heating temperature on shape recovery ratio 
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CHAPTER 5: FINITE ELEMENT ANALYSIS 

 

This chapter investigates the use of Finite Element Method (FEM) as a tool to 

model and analyze typical four-step shape memory cycle behavior of shape memory 

polymers from the phenomenological standpoint. The material properties developed in the 

process are applied in a full scale I-section beam model which incorporates a potential 

structural application for this material. 

 

5.1 SHAPE MEMORY CYCLE CHARACTERIZATION 

. For the simplest case, the shape memory characterization cycle for an SMP 

consists of four essential steps. The first step is heating the polymer above its transition 

temperature (Ttrans), which renders the shape memory polymer quite flexible. The polymer 

at this stage can be transformed as desired to be fixed in any shape and form by the 

application of external force (or stress) at the temperature commonly termed as 

deformation temperature (Td). For the second step, keeping the deformation constant 

(maintaining the level of force), the temperature is lowered at this point below the transition 

temperature and strains are allowed to fix rendering the shape to fixed in this particular 

temporary/intermediary shape. The strains at this level are termed as εload. The forces are 

removed at this point with the sample strain responding accordingly to a fixed strain ε and 

this marks the end of step 3 in the process. Importantly, deformation imposed onto the SMP 

at this point will be maintained even after the removal of the external force. This is simply 

due to the freezing of the molecular chain (i.e. reduction of chain mobility) that locks in 

the deformed chain conformation, or enables the storage of entropic energy in the system. 

For the fourth and final step, the permanent shape from this point can be recovered merely 
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by heating the polymer sample above its transition temperature, usually termed as Tr 

(recovery temperature) releasing the locked strains and allowing the polymer to go back to 

the least energy and equilibrium state. Here, Ttrans is commonly equal to glass transition 

temperature, Tg  for an amorphous SMP or melting temperature, Tm for a crystalline SMP, 

that can be measured using standard thermal analysis methods such as Differential 

Scanning Calorimetry (DSC) or Dynamic Mechanical Analysis (DMA) (Zhao et al., 2015). 

Figure 5.1 illustrates the typical shape memory cycle behavior experienced in SMPs. 

 

  
Figure 5.1: Quantitative dual-shape memory cycles: (a) 2D diagram (Xie, 2010) (b) 3D 

diagram (Lendlein & Kelch, 2002) 

 

There have been several attempts to develop constitutive models for characterizing 

shape memory polymer behavior, but the most have focused on small deformation range, 

with nominal strains less than 10% in compression and tension (Souri, 2014). Most earlier 

models were based on simple spring-dashpot systems to capture the behavior of SMPs for 

small deformations (Tobushi et al., 1998), but were later modified to include nonlinear 

elastic terms, thermal expansion and viscosity to be better able to study viscoelasticity of 

(a) (b)
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SMP for small deformations (Tobushi et al., 2001). However, a clear and more rational 

understanding of the behavior came from the phase understanding that SMP encounters 

during the shape memory effect, based on the model developed by  Barot and Rao (2006). 

Subroutines based on this model have been developed by various researchers for different 

commercial programs, for instance, one such subroutine was developed for glassy shape 

memory polymers by Khanolkar et al. (2010). Liu et al. (2006) also proposed a model that 

defines the strains as fractions of elastic, thermal and stored components. The stored strain 

component is attributed to the deformations in the frozen phase. On heating the sample, the 

stored strain components recover, essentially transporting the material back to its 

permanent shape. Based on the principles developed by Liu et al. (2006) , Chen and 

Lagoudas (2008) developed a model that has the capability to support even large 

deformations. It is based on the premise that SMP is composed of individual particles as 

depicted in Figure 5.2. It is further assumed that individual material particles transform 

from the frozen (glass) phase to the active (rubber) phase at different temperature ranges 

and vice-versa, until the entire material has transformed into a single phase. The model was 

formulated in terms of average deformation gradient with a suitable integral technique used 

over the whole volume to calculate the average deformation gradient. The deformation in 

this model is assumed to be constant throughout. 
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Figure 5.2: SMP composed of active and frozen phases in the model proposed by (Volk 

et al., 2010) 

 

However, for the current study, to determine the shape memory cycle 

characteristics on a phenomenological level, a simplistic model based on Souri (2014) was 

developed, with the SMP deformed only in compression. Temperature dependent elastic 

and plastic property definitions are used to suitably define the material properties. The 

geometry consisted of a simple cylindrical shape with the diameter of 6.35 mm (0.25 in) 

and length of 76.2 mm (3 in) as shown in Figure 5.3. 

 

 
Figure 5.3: Cylindrical geometry for SMP behavior 
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Material properties based on the Souri (2014) study were provided, which consisted 

of  temperature dependent elastic and plastic property definitions to simulate the shape 

memory behavior when the material undergoes transition from rigid to rubbery region and 

vice versa. Table 5.1 enlists the elastic material properties assigned to the material and 

Table 5.2 enlists plastic property definitions used for modelling in ABAQUS.  

 

Table 5.1:  Elastic Material Properties 

 

 

Table 5.2:  Plastic Material Properties 

 

 

As is also evident from the Figure 5.4 that the elastic modulus changes gradually as 

the material goes from rigid region to rubber region, going past the transition temperature, 

Tg (316K or 43˚C) defined for the material. 

Young's Modulus 

(MPa)
Poisson's Ratio Temperature (K)

1300 0.3 280

900 0.3 298

400 0.4 308

300 0.4 318

200 0.45 328

100 0.45 373

Yield Stress 

(MPa)

Plastic Strain 

(%)

70 0

45 5

50 18

70 50
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Figure 5.4: Elastic Modulus v/s Temperature  

 

Table 5.3 highlights the thermal coefficient variation with respect to the 

temperature used for the current SMP material.  

 

Table 5.3: Thermal Expansion Coefficients  

 

 

The coefficient of thermal expansion variation used for the SMP material is also 

defined graphically in Figure 5.5. 
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Figure 5.5:  Coefficient of thermal expansion v/s temperature  

 

To prevent any rigid-body motion of the sample in consideration, the bottom 

surface was coupled to a reference point defined on its surface and its kinematic motion 

was restricted in all three major directions, along with any rotation. The load in the force 

controlled mode or the displacement in the displacement controlled mode was applied to a 

reference node which was coupled to the top surface as defined in Figure 5.6. 

 

 
Figure 5.6: Node Constraints  

 

The mesh module in ABAQUS can be used to generate the meshing for different 

components of the finite element module (Dassault Systémes, 2014). Linear hexahedral 
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elements of the type C3D8R were used for the current study. Initially, default mesh size was 

used, which was modified further to get higher accuracy in results. Figure 5.7 shows the final 

meshed assembly.  

 

  
Figure 5.7: Final meshed assembly  

 

The step module in the ABAQUS software can be used to generate different steps for 

the sequence to be followed in the loading analysis of the model in consideration. Different 

types of analysis like static, dynamic, cyclic loading analysis can be performed using the 

software. Initially, the steps were defined in such a manner that the process was entirely load 

controlled with the following step definition in order: 

• Initial Step: All the initial conditions were set. The temperature was set to 363 K, which 

is above the glass transition temperature, and load at zero. 

• First Step: The temperature was kept at 363 K which is above the defined transition 

temperature for this material so as to keep it in the rubbery region and a compressive 

load of 1500 N (approximately 75 MPa) was applied to the top surface. 
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• Second Step: While the load was kept constant, the temperature decreased with a 

constant rate to 263K, which is lower than the Tg, which renders it quite rigid while the 

stress is kept constant. 

• Third Step: The load was removed and the temperature was kept constant. Thus, the 

elastic deformation was released and the sample remained deformed as per the 

definition of plastic strains applied. 

• Fourth Step: This is the recovery step, the temperature was increased with a constant 

rate up to 363 K which is above Tg, the glass transition temperature at which the sample 

will recover back to its original shape. 

The Figure 5.8 shows the temperature protocol for the loading scenario described in the step 

definition above. 

 
Figure 5.8: Temperature Profile for the shape memory cycle 
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Figure 5.9 shows the strain variation obtained from the shape memory cycle with 

the step defintions defined above. As evident from Figure 5.9, the material reaches a strain 

value (0.66%) as the sample is loaded. The elastic component of the stored strain is released 

in the third step with the sample bieng unloaded. With the final heating , the material comes 

back to the original shape with zero strains. 

 

 
Figure 5.9: Elastic strain v/s time step  

 

Figure 5.10 shows the variation of stress consistent with the step definition defined 

above. The stress reaches a plateau (50MPa) for the first step when the specimen is 

deformed in compression. It remains at this constant value for the cooling step when the 

temperature is lowered and thereby maintains the deformation level. The stress reaches a 

zero magnitude as the applied force is removed in the third step of shape memory cycle. A 

portion of stored strain component is recovered in this process as shown in Figure 

5.9.Finally in the last step, as the temperature is raised to 363K, past the glass transition 
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temperature,Tg , the stored strains are recoverd and the material recovers its permanent 

shape , attaining a state of least internal energy. 

 
Figure 5.10: Stress v/s time step  

 

Since the post-peak behavior is not obtained for the force controlled deformation 

of the SMP sample, in the later stages, the deformation was applied in the deformation 

controlled mode, while the  step definitions and other loading conditions were kept the 

same. This whole cycle including the aforementioned four steps could be seen in the  Figure 

5.11,which shows the displacement magnitude along the major axis of the member. 
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(a) Loading Step  

 

 

 
(b) Cooling Step 

 
(c) Unloading Step 

Figure 5.11: Steps in SMP characterization cycle 
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Figure 5.11 (cont) 

 
(d) Recovery Step 

 

 

The Figure 5.12  shows the graphical representation of the shape memory cycle on 

a 3D-plot. 

 

 
Figure 5.12: 3D plot for SMP cycle  
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The graph in Figure 5.12 clearly outlines the four different steps used to 

characterize the shape memory behavior of the cycle and characterize the material. The 

little drop in stress after the cooling step could be attributed to the elastic relaxation in the 

fixing step (as the shape fixidity is not 100 % for all the cases). This could be attributed to 

the definition of temperature dependent material properties assigned for this material. More 

advanced material models based on the kinematics of frozen fraction and average 

deformation gradients as described previously would not show this effect.  

 

5.2  SMP POTENTIAL STRUCTURAL APPLICATION 

The proposed concept aims to use SMPs in creating structural components for 

various applications in building and bridge industry. As they can be molded to any desired 

temporary shape after the characteristic shape fixidity step in the shape memory cycle, they 

will be easy to store, pack and transport on site, with enormous cost savings. One such 

potential application cab be in developing structural components with foldable flanges. 

Flanges developed from shape memory resin reinforced with fibers will fold and unfold 

themselves as per the shape memory characteristics programmed into them during the 

manufacturing process. Figure 5.13 illustrates this simple approach of loading and 

unloading of an I-section with shape memory components. 
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Figure 5.13: Potential shape memory application in I-section 

 

To achieve the desired advantages of SMP structural components, SMP composite 

components can first be manufactured on a plant in close proximity to the construction 

project site. With the application of heat, it will tend to soften, making it ideal for 

deformation in a temporary compressed shape. The folded components will then be shipped 

on site and off loaded on the supporting components. The bottom flanges will unfurl 

themselves upon application of heat. Rest of the folds can then later be unfolded upon the 

application of heat (or passage of electric current). To validate the concept, FEM model 

was developed that ensues this concept with the dimensions and section properties shown 

in Figure 5.14  
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Figure 5.14: Cross-sectional dimensions for the beam 

 

Figure 5.15 shows the model of the geometry developed in ABAQUS with the 

length of the beam specified to be 300mm. 

 
Figure 5.15: Geometry for the beam model  

 

The model generated was meshed using linear heahedral elements for both the 

flanges and the beam. Finer mesh was used for the foldable bottom flange of the beam to 

improve the accuracy of the results. The Figure 5.16 shows the meshed model with linear 

hexahedral elements. The mesh was refined to improve the accuracy of results. 
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Figure 5.16: Meshed assembly  

 

For the boundary conditions , the top flange and web were given fixed boundary 

conditions completely restricting any motion in all major  directions which is depicted in 

the Figure 5.17. The bottom flange is allowed to displace and rotate as per the loading 

conditions. 

 

 
Figure 5.17: Loading and boundary conditions  

 

The previously developed material model for SMP was successfully applied to the 

bottom flange to give it shape memory characteristics. The displacements were applied 
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symmetrically at the two top end edges of the bottom flange. Figure 5.18 shows the 

magnitude of displacements and effectively the shape memory behavior exhibited by the 

flanges, which could potentially be used for developing different structural components as 

described above. 

 

 
(a) Reference Configuration 

 

 
(b) Loading Configuration 

Figure 5.18: Shape memory behavior in beam flange 
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Figure 5.18 (cont) 

 

 
    (c) Recovery  

 

 

However, it was observed that pure SMPs, severely lack many properties that make 

them unsuitable for various functions, specifically that require high mechanical properties, 

like high stiffness and strength. This was observed as well with low stress values obtained 

from simulations (~20 MPa). In accordance, next chapter deals with characterizing SMP 

and its carbon fiber fabric reinforced composite (SMPC) to study in greater detail the 

improvement in mechanical characteristics via three important parameters namely Young’s 

Modulus, Ultimate Strength and Ultimate Strain. 
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CHAPTER 6: MECHANICAL TESTING 

 

In order to mechanically characterize the pure SMP and investigate the impact of 

adding carbon fiber fabric on the strength, ultimate strain and Young’s Modulus of the so 

formed SMP composite (SMPC), static tensile tests were performed.  

 

6.1 TEST SETUP  

The quasi-static tests were performed in a displacement controlled mode with a 

constant crosshead speed of 2 mm/min. A ±20kN load cell was used with the testing 

machine. An extensometer with a gauge length of 25.4 mm was used at approximately mid 

height of the coupon specimen to measure axial strains. Figure 6.1 shows the universal 

tensile testing machine setup for the testing of coupons. As illustrated in Figure 6.1, the 

used specimens had a rectangular shape and were 158.75 mm long, 25.4 mm wide and 12.7 

mm thick with a gage length of 44.45 mm. Chamfered tabs with bevel angle of 7-8˚ were 

used at both ends of the specimen. 
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Figure 6.1: Tensile testing setup and specimens 

 

 In the static tensile tests, engineering stress and strain properties were used to 

determine the characteristics of SMP and SMPC. Stress-strain plots were generated for 

pure SMP and SMPC and compared for primarily three parameters, tensile strain at failure, 

tensile strength and Young’s modulus in the linear elastic region. Figure 6.2 shows a 

sample stress-strain plot for the SMP and SMPC. The carbon fabric used in the SMPC was 

aligned in the longitudinal direction of the specimen. In designing the SMPC specimens, 

the Young’s modulus of the composite (Ec) was represented as:  

 𝐸𝑐 = 𝐸𝑚𝑉𝑚 + 𝐸𝑓𝑉𝑓 (3) 

where, Em and Ef   are the Young’s modulus for matrix and fiber, respectively, and Vm and Vf 

are the volume fiber fraction of matrix and carbon fiber, respectively. The volume fraction 

of the carbon fiber for the samples tested was approximately 2%.  
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Figure 6.2: Stress-strain for Pure SMP and SMPC  

 

From the bar graph in Figure 6.3, it can be observed that with the addition of carbon 

fibers, the stiffness for SMPC increased considerably from its pure SMP counterpart. 
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Figure 6.3: Tensile testing results for SMP and SMPC 

 

The modulus for the SMPC specimen was observed to be 3980.56 MPa, whereas 

for the SMP it was close to 1977.60 MPa. Stiffness nearly doubled for SMPC specimen, 

leading to a rise of approximately 100%, as was expected from theoretical calculations 

based on the rule of mixture for composites as described in Equation 3.  

Fracture stress and strain values were also observed from the longitudinal stress-

strain curves of the SMP and SMPC. The comparison is elaborated via the bar graph in 

Figure 6.3. Maximum strain observed for the pure SMP samples was close to 1.88 % while 

for SMPC it was observed to be 1.09 %. This approximately 40% reduction in the ultimate 

strain value can be attributed to the limiting strain capacity for carbon fibers used as 
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reinforcement in the SMP matrix. The fracture stress increased by approximately 50 % for 

the SMPC compared to SMP.  

 

6.2 EFFECT OF DEFORMATION  

The developed SMP and its composite (SMPC) have the potential to be used in 

various structural applications. It is thus of utmost importance that the mechanical 

properties of the material does not degrade considerably after substantial usage. To account 

for this, the mechanical properties of SMP and SMPC were examined prior to and after 

undergoing extreme cycles of deformation and shape recovery. As depicted in Figure 6.4, 

each cycle consisted of first heating the specimen above Tg to render it flexible. Next, the 

specimen was subjected to excessive deformation in the form of bending (with a maximum 

bending angle of 180˚), followed by cooling to lock the strains. Finally, the specimen was 

heated again past the glass transition temperature to recover back its original shape.  

 

 
Figure 6.4: SMP specimen undergoing shape memory cycle 

 

Three cases were considered for this study, namely, no deformation as-built case, 

one shape memory cycle case, and four shape memory cycles case. The parameters of 



64 

 

interest were elastic modulus, strength and ultimate strain. A summary of the results is 

shown in Figure 6.5. 

 

 
Figure 6.5: Effect of 180˚ bending shape memory cycles on mechanical properties of 

SMP and SMPC 

 

As shown in Figure 6.5 (a), the stiffness decreases considerably as the sample 

undergoes 180° shape memory bending cycles, for both SMPC and SMP specimens. 

Notably, the major drop in stiffness is observed after the first shape memory cycle and the 

drop after subsequent cycles is very small. For example, in the case of SMPC samples, as 

the sample undergoes 1 shape memory cycle, the elastic modulus is reduced by 45 % and 

there is a minor reduction of 5% in stiffness when the sample undergoes 4 shape memory 

cycles. Also, for all three cases, Young’s modulus increased for the case of SMPC in 
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comparison to pure SMP. However, as the specimen underwent four shape memory cycles, 

the percentage increase in modulus for SMPC compared to SMP dropped down to merely 

18% as opposed to the case when it didn’t undergo any shape memory cycles, where the 

rise was approximately 100%. This may be due to the considerable rearrangement of 

molecular chains inside the SMP matrix leading to slip between the carbon fiber fabric and 

the SMP matrix and reduced interlocking of the fiber with the matrix. 

On analysing ultimate strain of the samples (Figure 6.5(b)), it was observed that the 

strain of SMP increased with increasing the number of cycles by as much as 69% for the 

4-cycle case when compared with as built case. This increase may be attributed to the 

Brownian motion and changes in molecular arrangement in the SMP matrix, which lead 

the specimen to become excessively flexible after going a number of characteristic shape 

memory cycles. On the other hand, the number of cycles seem to have opposite impact on 

the SMPC, where a decrease of 16 % was noted in the ultimate strain when SMPC was 

subjected to one cycle only, when compared with no deformation as-built case. Subjecting 

the SMPC to more cycles didn’t seem to have significant additional impact on the ultimate 

strain as it only resulted in a decrease of 1.15 % compared to the one cycle case. This 

observation with major deviation after 1 cycle and no considerable change after subsequent 

cycles, in ultimate strain holds true even for stiffness as evident in (Figure 6.5(a)) and even 

for strength (Figure 6.5(c)) as described further. 

Analysing the tensile strength of SMP and SMPC (Figure 6.5 (c)) revealed that, for 

the as-built case, the tensile strength of SMPC is higher than that of SMP by approximately 

48 %. This difference is analogous to the results previously obtained (see Figure 6.3(c)). 

Also, on average, this rise in stiffness comparing as-built SMPC and SMP specimens, is 
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maintained as the samples undergo one characteristic shape memory cycle. The rise 

between SMP and SMPC is not as significant (39 % rise) as the sample undergoes 4 shape 

memory cycles. This may be due to flexing of samples with large number of cycles. In 

addition, comparing only SMP samples, the tensile strength rises by 25 % as the sample 

undergoes one shape memory cycle and the rise is approximately 1-2 % as it further 

undergoes 4 characteristic shape memory cycles. Analogous to this, comparing only SMPC 

specimens, the tensile strength first rises by approximately 18 % for one cycle and drops 

to 1-2 % as it further experiences more shape memory cycles. The reason for this behavior 

can be attributed to the fact that the deformation and failure govern the first cycle, whereas 

training and memorizing effect of the shape memory polymer governs the subsequent 

cycles, causing it to stabilize after a while. 

 

6.3 EFFECT OF BENDING ANGLE 

A parametric study was conducted with the SMP and SMPC specimens to study 

the effect of deformation angle on the mechanical properties of the polymer in pure and 

composite forms. Three different bending angles, namely 45 ˚ , 90 ˚ , and 135 ˚  were 

considered in the study. Initially, specimens (both SMP and SMPC) were heated above 

their glass transition temperature and deformed to required angles. Subsequently when the 

specimens were cooled down the applied bending force was removed and strains were kept 

fixed. The state was maintained for a duration of 1 hr and then the samples were heated 

again past their transition points to recover back the locked deformation. Figure 6.6  shows 

specimens under various levels of deformation.  
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Figure 6.6: SMP deformed under different angles of deformation 

 

The prepared samples were then tested to failure in MTS testing machine to obtain 

their characteristic mechanical properties as shown in Figure 6.7.  

 

 
Figure 6.7: Effect of deformation angle on mechanical properties of SMP and SMPC 



68 

 

The bar graph in Figure 6.7 (a) shows the variation of Young’s modulus for SMP 

and SMPC after being deformed under various deformation levels. Quite evidently, the 

elastic modulus for both SMP and SMPC samples decreased as the deformation angle 

increased. However, the rate of decrease in stiffness had small dependency on the angle of 

deformation. The major decline in stiffness (16.58 % for SMP) and (29.87 % for SMPC) 

occurred after first bending angle deformation of 45°.   

Besides, analysing the case with no deformation and the case with 135˚ bending 

angle deformation, for pure SMP, the percentage decrease in the modulus was calculated 

to be 36.56% whereas for SMPC the decrease was 45.62%. Furthermore, as expected, the 

modulus of elasticity for the SMPC was always higher than that of pure SMP. Comparing 

SMP and SMPC, the maximum increase in stiffness was observed for the samples with no 

deformation at 67.18% while for the case of 135˚ deformation, the rise was 53.35%. 

Evidently, as the SMP/SMPC undergoes any level of deformation, the macromolecular 

chains experience high disorientation and specimen becomes quite flexible, leading to a 

stiffness decline. 

For the case of tensile strain, as the Brownian motion of the specimen increases, 

the sample becomes flexible and increase in the strain carrying capacity is observed. This 

may be attributed also to the slackening effect in intermolecular chains found in 

polyurethane based shape memory polymer products. The tensile strain at failure, 

comparing specimens with no deformation and samples with 135˚ deformation, the rise 

was observed to be 44.4% and 30.22% for SMP and SMPC cases, respectively. The 

maximum strain observed was 3.68% and 1.97% for the SMP and SMPC, respectively, for 

the 135˚ bending angle deformation case. The ultimate strain for the SMPC samples is 
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lower than that of the SMP, for all four deformation levels due to the limiting strain 

carrying capacity of carbon fiber fabric used in manufacturing SMPC. 

From the results obtained for tensile strength, as depicted in Figure 6.7 (c), SMPC 

specimens at all levels of deformation have strengths higher than their SMP counterparts. 

Comparing SMP and SMPC samples, the maximum rise of 48 % is for samples with no 

deformation. However, with the increasing degree of deformation, the percentage rise 

between SMP and SMPC decreases, like for the 135° bending case, the difference in tensile 

strength between SMPC and SMP is merely 40%. When individually comparing the SMP 

and SMPC specimens, the tensile strength increases compared to the as-built case (22 % 

and 13 % for SMP and SMPC, respectively) with 45° bending angle deformation. The value 

stabilizes after that and no substantial increase is observed with further deformation of 90° 

and 135° for both SMP and SMPC. Comparing no deformation case and 135° bending case, 

the tensile strength increases by 25% for SMP case and 19 % for SMPC case, respectively. 
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CHAPTER 7:  CONCLUSIONS 

 

The primary goal of this research was to explore the potential application of 

unreinforced and carbon-fiber reinforced shape memory polymer for viable structural 

engineering applications. The shape memory polymer material and its composite was 

characterized and synthesized in the laboratory as per the glass transition temperature 

requirements (to be fairly above the ambient temperature range). The material was then 

thermo-mechanically characterized for its transition temperature using Dynamic 

Mechanical Analysis. Also, fold deploy tests were conducted to determine shape memory 

characteristics. Following are the main conclusions were drawn from the study: 

• By measuring the peak of the tan δ curve, the Tg of the polyurethane based SMP was 

found to be 62˚C.  

• Excellent shape recovery ratio, close to 98 % was obtained for pure shape memory 

samples. In addition, shape fixidity obtained was as high as 99 % for the pure SMP 

samples. 

• With the bending deformation angle of 180°, and varying the recovery temperature, 

ranging it form Tg (62°C), Tg+15 (77 °C) and Tg+30 (92 °C), it was observed that 

maximum shape recovery ratio (98 %) was independent of the heating temperature. 

However, rate of shape recovery (and consequently the time to reach equilibrium, 

permanent shape) increased significantly with the rise of temperature. 
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The characteristic shape memory cycle consisting of four essential steps of heating 

(&loading), cooling, unloading and recovery were successfully modelled in Finite Element 

(FE) framework with temperature dependent elastic modulus and thermal coefficient 

values and appropriate plastic step definitions. The developed phenomenological model 

was later successfully applied to the flange of a conventional beam and sufficiently high 

loading and recovery characteristics were obtained.  

Subsequently, the major part of this study explored, the mechanical characteristics of 

the unreinforced and carbon-fiber fabric reinforced shape memory polymer. Quasi-static 

tests were performed in a displacement controlled mode and following are the major 

conclusions that could be successfully inferred from the study:  

• Stiffness nearly doubled for SMPC compared to SMP leading to a rise of 

approximately 100% with the composite having fiber volume fraction of 

approximately 2%. 

• Fracture strain decreased for SMPC samples by approximately 40 % owing to the 

controlling strain carrying capacity of the carbon fiber. 

•  The rise in the fracture stress was observed to be close to 50 % which coordinated 

pretty well with the theoretical predictions. 

These results indicated significant improvement in stiffness strength and stiffness 

improvement in otherwise less stiff shape memory polymer. This could potentially be 

beneficial in developing shape memory structural components with required stiffness and 

strength values for different requirements. Subsequently, as the given SMP and its 

composite are intended to be used for different structural components, it was determined if 

after undergoing considerable number of shape memory cycles, had any major detriments 
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to the mechanical strength of the material. In order, mechanical properties of SMP and 

SMPC were determined after it went through many characteristic shape memory cycles. 

Following are the key conclusions from the study:  

• Stiffness decreased for both SMP and SMPC with the increase in shape memory 

cycles, with the bending deformation angle of 180°. Notably, the major decline 

occurred after the first cycle and the ensuing cycles had little to no effect in stiffness 

degradation.  

• Besides, the ultimate strain of SMP increased by as much as 69% after undergoing 4 

shape memory cycles compared to as-built case, which is ascribed to the material 

becoming quite flexible with the increasing number of shape memory cycles. 

Contradictorily, for SMPC, ultimate strain declined by approximately 16% for the 

same case scenario. 

• The tensile strength was always found to be higher for SMPC compared to SMP, the 

maximum being for the as-built case with a percentage difference of 48 %. Here also, 

the major improvement in strength occurred after 1 cycle only and stabilized after a 

while, accredited to the fact that the deformation and failure govern the first cycle 

whereas training and memorizing effect govern the subsequent cycles. 

The final concluding study evaluated the effect of variance in bending deformation 

angle ranging from 45° to 135 ° on the mechanical properties of SMP and the composite. 

The results pertinent to this study can be best summarized as follows: 

• With the rise of degree/angle of deformation, comparing as-built and 135° 

deformation cases, 36.56% decline in stiffness was observed for SMP, whereas for 

SMPC the decrease was 45.62%. Interestingly, the major decline for both the cases 
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occurred after 45° deformation and decrease in stiffness had small dependency on the 

angle of deformation. 

• Additionally, with the rise of degree of deformation, the average rise in tensile 

strength between SMP and SMPC decreased to roughly 40% for 135° case compared 

to 48% for the no deformation case. As the drop is not that significant, the SMP can 

be deformed to higher deformation angles without sizeable loss of strength. 
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