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ABSTRACT 

Shape memory polymers (SMPs) and their composites are set of smart materials that 

exhibit a special ability to recover a trained shape deformation upon activation of a single 

environmental trigger. This ability has made SMPs an emerging technology and has 

provided novel solutions for applications such as actively expandable vascular stents, 

deployable space structures, and releasable fasteners.  However, the single trigger can be 

problematic in applications where an ambient field can accidentally trigger the SMP or 

where direct mechanical access is not available for training of SMP.  This research has 

thus investigated a novel multi-trigger SMP nanocomposite.  This SMP nanocomposite is 

sensitive to thermal and magnetic fields and requires both fields to be applied for shape 

deformation.  SMP nanocomposites were manufactured using a commercially available 

SMP and magnetite nanoparticles at varying weights (5, 10, 15, 20, and 25 wt.% 

magnetite).  Basic thermomechanical testing of the SMP nanocomposites at ambient 

conditions and transition conditions along with specially created thermomechanical-

magnetic tests have been performed and have shown the multiple sensitivities of the SMP 

nanocomposites.  Further, the varying addition of the magnetite nanoparticles and/or the 

applied magnetic field to the SMP nanocomposite shows results with higher magnetic 

sensitivity as well as larger shape deformations.  Based on this special behavior, a 

constitutive model has been presented for the SMP nanocomposites.  This constitutive 

model considers four specific phases of the SMP nanocomposites that are defined by the 

initial/final configurations of the SMP nanocomposite following and during the 

application of transition state environmental conditions.  This model has been used within 

LS Dyna FEA to simulate the multi-trigger behavior of the SMP nanocomposite.  The 
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simulations have matched closely the actual test case scenario and have validated the 

developed constitutive model.  Further, simulations have been performed to test the SMP 

nanocomposite in the application of active disassembly.  From these simulations, a 

definite case can be made for the SMP nanocomposite over its SMP counterpart per 

reduced processing time. 

This research has exhibited novelty through the documentation of the multiple field 

sensitivities of the SMP nanocomposite smart material.  Smart material research, 

especially with SMPs, has focused on shape memory actuation on application of a single 

trigger (i.e. heat, light, chemical, electrical, magnetic, etc.).  This research looks to 

expand on this research by analyzing and understanding the special behavior of a 

developed multi-trigger SMP nanocomposite.  This research documents the multiple field 

properties and actuation strategies for SMP nanocomposites.  The development and study 

of these materials can create a transformative new dimension for smart material research 

that will provide additional avenues for manufacturers in smart material applications. 

Furthermore, this research can create a number of opportunities that extend beyond the 

technical contributions produced. The key will be in the use of the derived constitutive 

model as a design tool, which could be used in a number of fields. 
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FOREWARD 

This dissertation is not presented in the traditional manner.  All chapters with the 

exception of Chapters I, II, III, VII, and VII will have an abstract, introduction, methods, 

experiments, results and conclusion.  This was done as a means to separate these chapters 

into individual manuscripts for journal submission.  As such, there are some duplicate 

figures and tables in these sections. 

Chapter I includes a general introduction and background for the necessary 

development of a multi-trigger shape memory material.  Chapter II provides a problem 

statement and research objectives for this dissertation.  Chapter III provides an in-depth 

literature of current shape memory materials that institute thermal and magnetic 

actuation.  These materials were the basis for this research work and such a specialized 

focus was not included for journal publication.  Chapter VII discusses the future work 

and direction for this research and provides general conclusions. 

Chapter IV outlines the material manufacture and testing results for the developed 

shape memory composite.  This chapter will be submitted to Smart Materials and 

Strucutres.  Chapter V is methodology behind the constitutive model for the developed 

material and basic finite element analysis results from this constitutive model.  Chapter V 

is being prepared for submission to Journal of the Mechanics and Physics of Solids.  

Chapter VI is a discussion of the effects the shape memory polymer nanocomposite will 

have on the application of active disassembly.  This discussion has been accepted as a 

four page manuscript for the Annals of CIRP.  With such a short publication, Chapter VI 

will further discuss and expound on the use of multi-trigger active disassembly fasteners. 
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CHAPTER I 

INTRODUCTION 

Shape memory polymers (SMPs) have the functional ability to be drastically 

deformed at a transition state, hold this deformation when out of this transition state, and 

recover this deformation when placed back in the transition state.  The special ability for 

shape change and memory has made SMPs applicable in a number of purposes including: 

deployable structures, releasable fasteners, actuating biomedical devices, and smart 

textiles.  Their common use in such applications has been hindered by issues with 

concerning mechanical and thermal properties.  In general, SMPs are not as mechanically 

robust as their regular engineering counterparts.  The mechanical strength range for 

SMPs is typically between 5 MPa and 100 MPa, whereas, a regular engineering polymers 

can well exceed the 100 MPa threshold [1].  Furthermore, their shape recovery stress is 

quite low (~0.1 MPa to 10 MPa), especially when compared to shape memory alloys 

(SMAs) that have high shape recovery stresses (up to ~800 MPa) [2-3].  SMPs are also 

primarily triggered by the application of heat.  The heat trigger is useful in a number of 

applications where globalized temperature can be readily controlled, but for some 

applications this may not be possible.  This would be especially true for biomedical 

devices, where applicable transition temperatures could harm the person the device is in.  

These issues have thus focused attempts to make SMPs stronger, recoverability stress 

higher, and triggering applications localized.  The creation of SMP composites has been 

the means to solve many of these issues. 

SMP composites are basic SMP matrices with filler materials.  A number of different 

filler materials have been studied and analyzed including: microfibers, carbon nanotubes 
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(CNTs), nanoclay, nano SiC, carbon black (CB), inorganic filler, and organic filler [1].  

As with most filler materials and composites, the addition of fillers acts as a 

reinforcement for the polymer matrix.  This in turn creates stronger materials.  

Furthermore, the interaction of the filler materials within the SMP matrix has also shown 

a slight increase in shape recovery stress.  While this increase in recovery stress is 

common, it still does not put the SMP composites in the same class as far as SMAs, but 

with such increases designs of the SMP composites elements can be more applicable in a 

number of applications.  Filler materials, such as CNTs, CB, and ferrite particles, have 

also shown triggering through electric and magnetic heat induction allowing for localized 

application of the heat field [4].  This research work will focus on the development of a 

SMP nanocomposite that not only reinforces and increases recovery stress, but also 

allows for the application of two fields in inclusion of the heat field to trigger. 

1.1 Motivation and Background 

This research has provided a breakthrough in shape memory materials (SMMs) by 

devising means for a multi-trigger SMP nanocomposite.  The motivation for this research 

was spawned by past research by the Advanced Manufacturing Laboratory (AML) at 

Texas Tech University concerning the application of SMMs for actively releasable 

fasteners for product disassembly or active disassembly (AD).  In this past research, the 

AML produced an in-depth review of AD methods and techniques along with a detailed 

analysis for future directions concerning AD. A major emphasis of future research was 

placed on materials and triggering for AD elements. It was stated that with an 

interdisciplinary effort, the advancement of new materials with new triggers will pave the 

way for more AD elements and provide an avenue for multi-trigger elements [5-7].  
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Furthermore, the need for a multi-trigger material was advanced in experimental work 

performed by AML [8-9]. In this research, a heat-activated releasable SMP snap-fit was 

designed, manufactured, and tested for electronic product disassembly. Based on the 

shape memory mechanism of the SMP, the snap-fit was designed in a released position. 

Snap-fits were then machined from a sheet of Veriflex E2 Shape Memory Epoxy. A 

training process used mechanical and thermal fields to straighten the snap-fit for regular 

assembly and use (See Figure 1.1). The straightened snap-fit was then assembled in a 

housing and heated. Upon heating to the SMPs transition temperature, the snap-fits 

returned to the release position allowing disassembly of the housing (See Figure 1.2). 

 

Figure 1.1: Snap-fit training process, a) machined snap-fit in released position, b) fixtured 

released snap-fit before heating, c) fixtured trained snap-fit following heating, and d) 

trained snap-fit 
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Figure 1.2: Disassembly Process (Top-3D model, Bottom-Actual Process), a) assembled 

housing with latched snap-fits, b) enclosed housing after heating to transition temperature, 

b) separation of housings 

The results from this research illustrate the feasibility of AD with the releasable snap-

fits because of the limited operator or machine interference for disassembly, the 

generality of the design that promotes use in a variety of products, and preservation of the 

product integrity given proper design and application of the product. There were, 

however, some concerns with the research, more specifically with the single thermal 

trigger. In this research, the possibility of accidental disassembly of the snap-fit was 

lowered by choosing an SMP with a high transition temperature (105°C). While this 

made it difficult for ambient or elevated temperatures to accidentally trigger the snap-fit, 

such a high transition temperature required a long heating cycle for disassembly, which 

lowered the efficiency of the disassembly process. The high transition temperature could 

also harm the housing or its components if special considerations were not made during 

design. The high transition temperature would be especially worrisome for electronic 
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products that are limited to 50-60°C in their operation or storage temperature. Finally, the 

single thermal trigger does not offer many control parameters for process optimization. 

Many heating methods exist, which can be controlled in the AD process, but each has 

their own positive and negatives when compared to basic air heating. Microwave heating 

can possibly damage the product, laser heating is localized and further work in design of 

the process would have to made, and immersion heating will increase the heat transfer 

but added work will be needed to clean or degrease the product following disassembly. 

Based on this previous work the need for a multi-trigger element for AD becomes 

evident. A multi-trigger SMP composite AD element will (1) significantly limit 

accidental disassembly by requiring two or more unique environmental conditions for 

disassembly, (2) provide more control in the AD process with additional control 

parameters attributable to the multi-triggers, and (3) prevent product destruction by 

limiting the extreme conditions needed for single trigger AD. Whereas these benefits 

motivate the definite need for multi-trigger AD elements, there have been no works that 

attempt to even conceptualize such elements because multi-trigger smart materials do not 

exist [5].  It has thus become the purpose of this research to create a multi-trigger smart 

material by the development of a shape memory polyurethane (SMPU) nanocomposite 

filled with nano-sized magnetite particles, which be triggered by combination of thermal 

and magnetic fields. 
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CHAPTER II 

PROBLEM STATEMENT 

2.1 Problem Statement and Research Objectives 

SMPs and their composites are a set of smart materials that have an ability to hold 

and recover trained deformations upon application of an external stimulus, traditionally a 

heat field.  These shape changing and shape memory capabilities have made SMPs 

suitable for a number of unique applications, such as expandable stents [10-13], 

biomedical drug release applications [14-15], deployable space structures [16], and 

actively releasable fasteners [8 17-19].  The problem that has arisen with their use in such 

applications has been with the single external stimulus that triggers shape-change and 

recovery.  With just one external stimulus, the likelihood of accidental triggering and lack 

of physical controls can make SMPs and SMP composites questionable for 

implementation.  It is therefore the intent of this research to manufacture, test, and model 

a new SMP nanocomposite that requires two or more external stimuli for shape change 

and recovery.  An attempt to create a multi-trigger smart material has not been considered 

or attempted by past research thus making this research novel in regards to current smart 

material systems and mechanisms. 

The basis of the research will be in the development and analysis of a SMP 

nanocomposite that is controlled by a combination of heat and magnetic fields.  The 

research objectives will follow: 

 Manufacture of a SMP nanocomposite with dispersed magnetite particles; 
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 Testing of the SMP nanocomposite in regards to mechanical, thermal, and 

magnetic properties at ambient and transition conditions (i.e. above 55°C 

and in presences of magnetic field; 

 Demonstration of the multi-trigger for shape memory behavior of SMP 

nanocomposite including thermal, loading (magnetic/mechanical), shape 

fixing below transition state, and shape recovery at transition state; and 

 Constitutive modeling of the SMP nanocomposite for finite element 

analysis (FEA) in LS-Dyna exhibiting thermomechanical and magnetic 

behavior of SMP nanocomposite at transition state and ambient state.  
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CHAPTER III 

LITERATURE REVIEW 

3.1 Introduction 

A number of research articles have been published concerning polymer 

nanocomposites.  These studies have established beneficial effects to polymer matrices 

per the addition of carbon nanotubes (CNTs) by increased strength, modulus, and 

conductivity [20-22]. Beyond these studies, much work has been done also with the 

incorporation of CNTs and other nanoscale filler within SMP matrices.  When nanoscale 

filler is introduced, such SMPs, are known as SMP nanocomposites.  The studies of SMP 

nanocomposites, which show a variety of triggering mechanisms and change in 

mechanical and thermal properties, will be the main focus for the background of this 

research as it attempts to fabricate a multi-trigger SMP nanocomposite for testing, 

modeling, and application.  Furthermore, additional information in regards to 

magnetoactive elastomers, which will be presented as a point of interest for the 

development of the multi-triggered SMP nanocomposite will also be discussed. 

3.2 Shape Memory Nanocomposites 

There have been a number of studies concerning nanoscale fillers for SMP 

nanocomposites.  For a complete review consider [1 23-29].  The intent of this research 

will be to focus on SMP nanocomposites that are filled with CNTs, carbon black (CB), 

and carbon fibers.  For this purpose, these SMP nanocomposites have shown the ability to 

transition with a heat field applied through either electrical or magnetic induction. 
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3.2.1 Electrically conductive and Electroactive SMP Nanocomposites 

Electrically conductive and electroactive SMP nanocomposites have been developed 

in both thermosets and thermoplastics.  The mechanism of inductive heating is the same 

for either, but for categorization purposes they will be consider separately. 

3.2.1.1Thermoset SMP Nanocomposites 

Thermoset nanocomposites have been filled with CNTs, CB, carbon fibers, and 

carbon nanopowders.  These nanocomposites have shown interesting material and SME 

properties.  CNT filled styrene nanocomposites have been fabricated and tested showing 

unique and improved mechanical properties and SME mechanisms.  Lv et al. [30] 

fabricated and tested a styrene-based SMP nanocomposite filled with MWCNTs.  The 

SMP used was a commercial brand produced by Cornerstone Research Group (CRG).  

The SMP was filled with functionalized MWCNTs that went through surface 

modification for better adhesion.  Scanning electron microscopy (SEM) showed a random 

distribution of the MWCNTs throughout the polymer matrix.  Distribution and dispersion 

of the content was deemed important for conductivity of the material because of the 

created electrical pathways.  Differential scanning calorimetry (DSC) was performed to 

determine the transition temperature of the material, and results showed a slight decrease 

in transition temperature with increasing filler content.  Thermal gravity analysis (TGA) 

showed that the polymer nanocomposites were thermally stable and that degradation 

occurs beyond 200°C.  Raman spectroscopy of the nanocomposites was performed to 

identify the styrene and MWCNT structures within the nanocomposite.  The results from 

this analysis also show lower thermal and electrical conductivity for the SMP composite 

than pure MWCNT.  Tensile tests showed an increase in Young’s modulus (12.1%) and 
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tensile strength (8.1%) with the SMP nanocomposite when compared to the pure SMP.  

Further study in dispersion of the MWCNTs was suggested to increase these gains.  

Electrical property tests measured the resistivity and conductivity of the material and 

showed a decrease in conductivity with an increase in percent weight of MWCNT, 

meaning as the percent of MWCNT filler is increased in the matrix the more and more 

the SMP nanocomposite becomes a conductor.  This is attributed to the percolation of the 

composite where more and more conductive chains are formed to increase the probability 

of current passage through the polymer matrix [30].   

As with CNT fillers, carbon powder fillers have shown similar property changes with 

SMP nanocomposites.  Leng et al. [31] produced an electroactive styrene-based SMP 

with carbon powder filler (particles sized 30 nm).  Thin-film samples with various 

volume fractions were produced by adding carbon powder to the styrene-based SMP, 

which was produced by CRG.  In the addition process, carbon powder was mechanically 

stirred and ultrasonic processing into the resin before curing.  Thermal testing of the 

nanocomposite by DSC showed a slight decrease in transition temperature with an 

increase in filler content, which indicates a chemical interaction between the carbon 

powder and the SMP.  Dynamic mechanical analysis (DMA) showed an increase in 

storage modulus with increase in filler content at 20°C indicating a reinforcing action by 

the carbon powder to the SMP.  SEM was also performed to illustrate the dispersion of 

the carbon powder within the polymer matrix; results showed a random distribution of 

the carbon black within the polymer for lower content samples and a more uniform 

distribution will aggregation of carbon powder in higher content samples.  This 

dispersion was shown to affect the mechanical and electrical properties of the 
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nanocomposite.  Resistivity of the samples showed a definite decrease with increasing of 

carbon powder filler.  As previously stated, the reason for this increase is the added 

number of paths for the nanocomposite, which subsequently increase the electron 

percolation of the nanocomposite.  With the resistivity test, a thermal evaluation was also 

made showing the relationship between temperature and electrical resistance.  In this test, 

low filler (4%vol) content samples have an increasing resistivity with temperature, 

whereas higher content (6%vol and 10%vol) showed a stable resistance with increase in 

temperature.  This is again attributable to the increased number of paths for electrical 

current in the higher content samples.  The final test in Leng et al. [31] illustrates the 

electroactive shape recovery of the 10%vol SMP nanocomposite samples.  Using 

induction heating, shape recovery of 75% to 80% was possible [31]. 

Other powder filler have also been analyzed. Leng, Liu, and Du [32] fabricated a 

SMP, 30 wt.% Diaplex Co. Ltd. (MS-5510) and 70 wt.% dimethylforamide (DMF), with 

dispersed and magnetically aligned Ni powders (3-7 µm and 99.8% purity) that was 

sensitive to a electrical field and as such could be inductively heated to transition.  With 

SEM, Ni chains were seen through the SMP composite samples beginning at 1% volume 

fraction of Ni, and with increase in Ni content, multi-chains become prevalent and 

eventually indistinguishable with further increase.  Using DSC, a decrease in transition 

temperature with increase in Ni content was seen illustrating the chemical reaction of the 

Ni filler with the SMP matrix (20% Ni content lowered Tg by 15°C).  Thermomechanical 

testing through DMA illustrated the possible actuation of the SME for the SMP 

composite by induction heating at a relatively low voltages (20V with 10% Ni content 

sample), and further resistivity testing established proper parameters for voltage 
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application per transverse and longitudinal comparisons for the samples with varying Ni 

content.  DMA also showed the reinforcing action of the Ni filler with an increase in 

storage modulus at increased temperatures with increase in the Ni content.  Samples with 

formed chains appeared to have higher reinforcing value than samples with randomly 

dispersed Ni particles [32]. 

Other fillers used in styrene based SMPs have been carbon black (CB) and carbon 

fibers.  Leng et al. [33] presented thermal and electrical properties of SMP composites 

with varying weights of CB filler and short carbon fibers (SCF) added.  Fabrication of the 

SMP composite by Leng et al. [33] was done with a styrene-based commercial shape 

memory resin.  Analysis of the composite showed random dispersion of the CB particles, 

while a more inhomogeneous mixture with the SCF.  As a result, samples with both SCF 

and CB showed less resistivity than those of purely CB or carbon powders because of the 

added pathways for current within a conductive network.  Consistent with other studies, 

the transition temperature of the SMP nanocomposites is less than the pure SMP, while 

the thermal stability remains the constant and stable [33]. 

Gall et al. [34] also looked at carbon fiber reinforced SMP composites by fabricating 

and testing composites made through resin transfer molding.  Unlike previous works, 

Gall et al. [34] did not use groups of SCF, but rather closely intertwined satin weave fiber 

tow.  A bend test was performed on both composites and shape memory recovery was 

measured.  Elastic recovery of the composites after training was approximately 15% of 

the bend angle, and upon shape memory recovery, 95% of the bend angle was recovered 

by the composites. Bend radius and thickness were examined by SEM and showed some 

deformation and buckling of the fibers.  With such buckling, full recovery is inhibited 
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and mechanical strength of the composite lessened limiting the training deformations for 

recovery.  Upon the results of the resin transfer molding samples, Gall et al. [34] present 

a new technique for fabrication of the composite using a pre-impregnation process with a 

plain fiber weave.  In doing so, the buckling and deformation of the fibers is lessened 

allowing for more deformation in training and recovery [34]. 

Lu et al. [35] incorporated self-assembled carbon nanofibers (CNFs) (Pyrograf®-III, 

PR-HHT-25, diameter 50-100nm, length 30-100µm) within CRG’s styrene-based 

Veriflex SMP to create a conductive CNF nanopaper.  Electrical resistivity of the sample 

CNF nanopapers was done according to the four-point probe method.  Results of these 

tests showed an increase in conductivity per the increased electrical pathways within the 

sample with increase in CNF content.  With lower CNF content the samples showed 

higher resistivity because of the increased insulation of the SMP to the porous structure 

of the CNF filler.  Along with basic resistivity testing, a relationship between temperature 

and resistivity of the samples was also established. In the resistivity testing, a negative 

temperature coefficient (NTC) was seen, meaning with increase temperature an increase 

in resistivity.  The likely cause of the NTC is the thermal mismatch between the CNF and 

the nanopaper bulk, which once the CNF nanopaper is heated effectively cut off the 

conductive pathways for charge transfer.  The CNF nanopapers were incorporated were 

successfully attached to SMP samples as a means to allow for electrical induction heating 

for the SME.  CNF nanopaper coated SMP samples were tested with low voltages 

(~8.4V) to induce the SME, and showed shape recovery between 75% to 95%.  Full 

shape recovery was not possible due to the interfacial friction between the SMP and CNF 

nanopaper surfaces [35]. Similar to Lu et al. [35], Lu et al. [36] also examines a produced 
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SMP nanocomposite formed from CRG’s epoxy based SMP coated with carbon CNFs 

and carbon nanopaper.  As with the previous study, the carbon nanopaper showed 

increased conductivity with increase in CNF content.  The SME was able to be triggered 

by application of an applied voltage through induction heating.  In shape recovery, 

samples showed recovery from 83% to 98%. 

Other epoxy based SMPs have considered material effects with nanopowder and 

nanoparticles fillers.  Gall et al. [37] presents characterization of a epoxy SMP resin 

(CTD-DP7) with filler SiC nanopowder at four weight percentages (10%, 20%, 30%, and 

40%).  The correct percentage of SiC powder was added to the epoxy resin and vacuum 

degassed for 4 hours before molding and curing.  The nanocomposite was cast into mini-

beams with a cross-sectional area of 200 µm by 300 µm.  SEM, micro-indentation and 

bending tests with Fischerscope-H100 and diamond Vickers indenter were performed on 

the samples.  SEM showed the SiC reinforcement was well dispersed throughout the 

polymer matrix.  Per micro-indention and bend, testing the micro-hardness and elastic 

modulus increased upon increase in SiC reinforcement.  In shape recovery, unconstrained 

strain was recovered as a function of the SiC within the nanocomposite.  Full shape 

recovery below 40wt.% SiC was observed for all samples.  In constrained recovery, the 

recovery force increased with addition of SiC to 20wt.% [37]. 

Gall, Dunn, and Liu [38] analyzed the internal storage stress of a SMP reinforced 

with dispersed SiC nanoparticles.  A two-part epoxy resin was prepared with the SiC 

nanoparticles.  Dispersion of the particles was confirmed with SEM.  Samples were 

compressed at a true strain of ~50% at room temperature.  Recovery of the shape during a 

heating cycle was analyzed on both fixed and free conditions.  Further, XRD was also 
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used to analyze the structure of the nanocomposite along with the internal stress of the 

nanocomposite.  In XRD analysis, the structure of interest was the SiC filler, which is 

crystalline and thus exhibits spectral peaks.  The epoxy base is amorphous, and does not 

provide adequate peaks for analysis in XRD.  XRD thusly analyzed the structure of the 

SiC in the pure (reinforcement) state, as-processed state, compressed state, and recovered 

state, and pure filler (reinforcement).  Internal stress for the SiC particles subsequently 

increases from state to state.  The as processed shows an increase in internal stress due to 

the curing process and created thermal mismatch between the resin and SiC.  This 

internal stress is increased when the sample is put in compression and released upon 

shape recovery. Results thus show a greater stress recovery force for the nanocomposite 

with SiC filler than with the pure SMP [38]. 

3.2.1.2 Thermoplastic SMP Nanocomposites 

Thermoplastic SMP nanocomposites have primarily been seen with SMPUs.  As with 

the thermosets a number of fillers have been investigated including: CNTs, CB, carbon 

fibers, and nanopowders.   

As with thermoset SMPs filled with CNTs, thermoplastic SMPs filled with CNTs 

have shown many of the same characteristics.  Paik et al. [39] discussed the effects of 

CNT dispersion for conducting SMP nanocomposites.  Previously, the CNTs were added 

to a SMPU (hard segments: 4,4’-methylene bis(phenylisocyanate (MDI) and 1,4-

butanediol (BD); soft segments: polycaprolactonediol (PCL)) during polymerization.  

Adding during polymerization produced poorly dispersed CNTs limiting the conductivity 

properties of the SMP nanocomposite.  In Paik et al. [39], CNTs were added and 

dispersed during pre-polymerization or in-situ polymerization, which resulted in better 
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dispersion with constant resistance from point-to-point measures.  Along with 

comparison measures thermal, mechanical, and electrical characteristics also were 

measured.  For thermal characterization, a small increase in transition temperature was 

seen with in-situ polymerization. For mechanical characterization, basic mechanical 

properties remained the same.  For electrical characteristics, three tests were performed: 

(1) electrical resistance versus temperature, which showed an increase in resistance with 

temperature, (2) electrical resistance versus elongation showed an increase in resistance 

with increase in specimen elongation, and (3) electrical current versus time showed a 

slight increase in current with time because of the induction heating of the specimen.  In 

comparison with their previous research, the in-situ polymerization process produced. In 

actuation of the PU nanocomposite, Paik et al. [39] tested two properties: (1) actuation 

displacement versus actuation force, which showed an inverse relationship between 

displacement and force and (2) initial elongation force versus number of cycles, which 

subsequently decreased with cycling until a constant force was reached at cycle 30 [39]. 

Yoo et al. [40] used in-situ polymerization to disperse CNTs within a SMPU block 

copolymer.  The produced nanocomposite was tested thermally, mechanically, and 

electrically.  Characterization (SEM and AFM) of the SMP nanocomposite showed good 

homogenous dispersion of CNTs within the polymer matrix.  Reinforcement of the CNT 

filler was shown with increases in tensile strength and modulus over the pure SMPU.  

Similar to Sahoo, Jung, and Cho [41], DSC showed an increase in transition temperature 

with MWNT filler because of the increased crystalline structure of the SMPU matrix.  

Electrical testing included tests for resistivity and electroactive shape recovery.  The four-

probe method was used to measure the resistivity of the sample and showed the greatest 
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conductivity with well-dispersed MWNT achieved through in-situ polymerization.  

Electroactive shape recovery was also seen with the application of a high voltage (~50V).  

This high voltage was needed because of the increased crystalline structure of the matrix 

and higher transition temperature [40]. 

Surface modified and functionalized CNTs have also been researched as filler 

material for shape memory thermoplastic nanocomposites.  Mondal and Hu [42] analyze 

a segmented polyurethane (SPU) reinforced by functionalized MWCNTs.  Unlike 

previous studies, the SPU consisted of hard-segments: MDI, polytetramethylen glycol 

(PTMG), and polyethylene glycol; and soft segment: 1,4-butane diol (1,4-BDO).  

MWCNTs were functionalized by being mixed with aniline then heated and stirred to 

induce high-speed sheering with a magnetic stirrer.  The functionalized MWCNTs were 

then mixed in diluted form to the synthesized SPU (0.25, 0.50, 1, and 2.5 %wt), which 

was then allowed to cure.  DSC and dynamic mechanical thermal analysis was used to 

characterize thermal and mechanical properties of the SMP nanocomposite.  Results from 

the test show a peak for transition temperature at 0.50wt.% of MWCNTs and a 

subsequent decline when that percent is increased.  This suggests that the MWCNT 

interaction with resin upon a certain addition will benefit the thermal properties due to the 

added crystallinity effect and movement of the soft segments.  Past this percent the 

MWCNTs act more as filler hindering the movement of the soft segments and lowering 

the transition temperature.  Loss modulus of the nanocomposites was increased with 

increase in MWCNT content, which indicates superior mechanical properties for the 

nanocomposites when compared to the pure SPU.  Shape memory recovery was also 

tested with cyclic tensile tests in which the samples were heated, deformed, cooled, and 
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heated to recovery multiple times.  All samples showed the same shape fixity (100%), an 

increase in shape recovery with MWCNT content, and a peak in shape recovery stress 

with the 0.50 wt% MWCNT composite.  In all cases, the MWCNT increase the shape 

recovery of the SPU because they can act as a chemical cross-linker between the hard 

segments in the polymer matrix.  The hard segments essentially control the recovery and 

memory process of the SMP [42]. 

Jung et al. [43] presents work of a fabricated SMP composite electroactive actuator.  

The SMP composite is based on a PU structure with MDI and BD as the hard segments 

and PCL as the soft segments.  Surface modified CNTs were added to the PU matrix to 

induce conductivity and electro-activity.  Structural analysis with FT-IR spectroscopy 

and TEM displayed the basic structure of the PU matrix and the filler CNTs.  DSC 

identified thermal and electrical properties of the nanocomposite showing, as with 

previous research, a lower transition temperature and lower enthalpy of melting.  The 

lower enthalpy of melting signifies the addition of the CNTs, which increase the 

conductivity of the material.  A basic shape recovery of the SMP nanocomposite was also 

performed and showed a decrease in recovery upon addition of hard segments.  

Furthermore, with the addition of CNTs electroactive shape memory was possible 

through induction heating of the SMP nanocomposite [43]. 

Cho et al. [44] fabricated a SMP nanocomposite based again on a PU structure and 

surface modified MWCNTs.  As with previous works, FT-IR was used to identify the PU 

and CNT structures.  DSC was used to measure the transition temperature, which again 

was lower than the pure SMP.  In mechanical testing, the SMP with general surface 

modified MWCNTs showed a greater modulus and stress, while SMP with extremely 
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modified MWCNTS showed lower mechanical properties.  No mechanical property 

increase was seen with non-treated MWCNTs, which was likely because of the poor 

dispersion within the matrix.  Using the 4-probe method, electrical conductivity of the 

samples were measured, and results showed a increase in conductivity with MWCNTs 

with the highest conductivity among the samples with the unmodified MWCNTs. Surface 

modification created defects allowing for this lower conductivity. Furthermore, the 

electrical testing modeled the induction heating for the composites and established the 

possible shape recovery with application of an electric field.  Unmodified MWCNTs 

showed fast heating capabilities due to the increased conductivity, which prevented 

proper recovery analysis. Composites with surface-modified MWCNTs showed slower 

and stable recoveries, which were functioned per the applied voltage of the sample [44]. 

Other modifications to CNTs have been seen with coatings.  Sahoo et al. [41] 

analyzed the electroactivity of a produced SMPU block copolymer with PPy coated 

MWCNTs.  Raman spectrospy of the produced samples showed definite modification of 

the MWCNTs per PPy coating by D-band intensity comparison. DSC showed a slight 

increase in transition temperature for the PU because of the increased crystallinity of 

filled samples. Mechanical testing showed the reinforcing nature of the coated PPy 

MWNT filler with increases in tensile strength and modulus.  Conductivity also showed 

increases with filler content, and the ability for electrical induction heating was also 

displayed.  Shape recovery for the samples did not reach full recovery but were close 

ranging from 90-96% [41]. 

Sahoo et al. [45] obtained an electroactive SMP nanocomposites from a SMPU block 

copolymer with three fillers: MWCNTs (10-20 nm diameter, 20 µm length), PPy and 
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PPy-coated MWCNTs.  Fabrication of the samples was done both by adding surface 

modified fillers to the PU and through in-situ polymerization.  Characterization of the 

nanocomposite was done with FT-IR spectroscopy, XRD, and DSC.  Results from these 

tests show the mixture and change of chemistry in the PU with the additions of fillers.  

Furthermore, characterization using SEM identified the dispersion of the fillers within the 

polymer matrix.  As with previous studies, high content fillers tend to form aggregates 

within the matrix limiting the mechanical strength improvements of the nanocomposite.  

Also established by Sahoo et al. [45] was the crystalline effects with the filler; the 

percentage of crystallinity with the crystalline melting temperature (transition 

temperature) were both affected with increasing filler content.  As with previous works, 

the additional filler decreases the transition temperature of the material.  Crystallinity of 

the nanocomposite increased with the fillers.  Agreeing with past research, the PU with 

fillers presents better mechanical properties, such as strength and modulus, and of the 

fillers tested pure MWCNTs provided the best results.  Along with previous research, a 

demonstration of the shape memory effect by electrical induction heating is presented.  

Resistance of the samples is also measured and results agree with previous works (i.e. 

conductivity increases with % filler, untreated MWCNTs are more conductive, etc.)  PPy 

filler nanocomposites showed increased conductivity with the pure SMP but were the 

lowest amongst the nanocomposites tested. 

The special properties gained with the addition of CNT filler within the 

thermoplastics has also been examined on application fronts.  Zhang, Ni, Fu, and 

Kurashiki [46] tested the electromagnetic interference (EMI) shielding effect on a 

produced SMP nanocomposites. EMI shielding is a necessary function for many 
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materials in electrical and electronic applications, where a stray field may affect the 

performance of the product. In the study, a SMPU was used as the base matrix and was 

dispersed with MWCNTs. The results of the study displayed a strong dependence on the 

EMI shielding effect upon CNT content within the polymer and thickness of the 

specimen. For larger EMI shielding effects specimens with higher CNT content are 

needed. Furthermore, electrical resistivity of the specimens tested per the four probe 

method showed that increased CNT content reduces electrical resistivity. Along with this 

basic conclusion, Zhang, Ni, Fu, and Kurashiki [46] also develop a models for the EMI 

shielding effectiveness and resistivity of the SMP nanocomposites [46].   

Goo et al. [47] presents a manufactured micro-aerial vehicle (MAV) actuator 

composed of a SMP nanocomposite. Two SMP nanocomposites were formulated based 

on SMPU copolymer (1) SMPU with CNTs and (2) SMPU with CB. For the study, 

actuation was based on induction heating of the material, so resistivity and thermal 

studies were performed on both materials.  The first test measured the effects of 

resistivity of the SMP nanocomposites at various temperatures and shows that resistance 

of the SMP nanocomposites increases with increased temperate.  The second test 

considered the necessary power to actuate the SMP nanocomposites.  The results from 

Goo et al. [47] conclude that more conductive SMP nanocomposites need to be 

formulated for induction heating activation because the SMP nanocomposites specimens 

were too resistant and required voltages higher than 30V to successfully meet their 

transition temperature and actuate. 

Other fillers like CB, Ni powders, and carbon fibers have shown interesting results 

comparable to those with CNTs.  Leng et al. [48] demonstrates the electroactive SME 
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with a SMPU filled with CB and Ni micro-powder.  Samples were prepared with chained 

Ni per application of a magnetic field during polymerization and with random non-

chained dispersion.  The four-probe method was used to measure resistivity, and results 

showed a slight increase conductivity with addition chained Ni powder compared to 

random Ni powder and CB.  The SME triggered by Joule heating was demonstrated with 

the produced samples.  Close to full shape recovery was seen within two minutes at an 

applied voltage of 30V [48].  

Ni et al. [49] dispersed vapor grown carbon fibers (VGCF), a typical CNT, within a 

SMPU matrix (Diary, MS4510) and tested the mechanical and thermal properties of the 

SMP nanocomposoite.  For dispersion, a diluted solution of the SMP resin was gradually 

poured into a mixed-solution of VGCF solvent solution, which had previously been 

sonicated, and agitated for 3 hr.  The mixture was then dried to cure the nanocomposite 

further drying was then performed to remove the remaining water from the 

nanocomposites.  SEM verified the random dispersion for all nanocomposites (VGCF 

1.7w.t%, 3.3wt.%, and 5.0wt.%).  VGCF had 100-200 nm lengths and several micron 

lengths.  A temperature controlled Instron Universal Testing machine was used for static 

tensile, thermomechanical, and recovery stress testing.  As per previous works, an 

effective increase in tensile strength and Young’s modulus is seen with an increase in 

VGCF content for the nanocomposites even at elevated temperatures.  In 

thermomechanical testing, the shape fixity and shape recovery of the SMP 

nanocomposites was analyzed (see Mondal and Hu [42]).  Stress recovery increases with 

increased VGCF content throughout the cycling process.  Strain recovery shows an 

inverse relation to this with the first few cycles showing greater strain recovery with the 
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purer PU nanocomposites.  There is, however, a constant reached by all the samples at a 

strain recovery of ~95% at the end of cycle 5.  This strain recovery phenomenon is 

explained by the training effect in SMP, where upon cycling a stable strain recovery is 

possible.  In stress recovery analysis, as with Gall et al. [38], an increase in recovery 

force is exhibited with an increase to 3.3wt.% in VGCF filler [49]. 

As with Gall et al. [38], Koerner et al. [50] also shows an increase in recovery stress 

for a fabricated elastomer polymer with CNT and CB filler.  The SMP nanocomposite 

fabricated was based on a commercially available shape memory thermoplastic 

elastomer, known as Morthane.  In testing, recovery stress and shape fixity was highest 

with Morthane with CNT, while recovery stress for CB filler was less.  The percent 

content of CB was varied and showed little variation.  Furthermore, the strength of the 

nanocomposite in both cycling and in single testing was greatest with the CNT filler.  As 

with previous work, the CNT increases the crystallinity of the nanocomposite and helps 

to exhibit the force for recovery because of its internal stress.  

3.2.2 Magnetoactive SMP Nanocomposites 

Beyond the basic SMP nanocomposite, where CNTs are added to an SMP matrix to 

induce electroactivity, there have also been studies and works where ferromagnetic 

particles and nanotubes have been added to elastomeric polymers to created a 

magnetically induced shape deformation [51-52].  Understanding these few studies and 

their potential application for SMPs is essential for the development of a multi-trigger 

material. 

Yu et al. [53] tested the magnetoactivity of a produced biodegradable shape memory 

polycaprolactone (PCL) filled with Fe3O4 magnetite.  TEM was used to characterize 



           Texas Tech University, John Carrell, May 2012 

25 

magnetite filler showing a near-spherical morphology.  Electron diffraction furthered the 

characterization by showing a cubic crystal structure of the magnetite particles.  

Magnetism tests showed superparamagnetism for the magnetite.  Thermal 

characterization by DSC of SMP nanocomposite showed an increase in transition 

temperature with filler content most probably due to the increased crystallization with 

magnetite structure.  Mechanical testing of the SMP nanocomposite showed a decrease in 

tensile strength and modulus with magnetite content. Shape memory sensitivity was 

evaluated for the SMP nanocomposite by both external means (a water bath) and through 

induction heating.  The SMP nanocomposite showed better sensitivity with a hot water 

bath than with magnetic induction heating meeting shape recovery with 30 seconds (130 

seconds with magnetic induction.  Magnetic induction heating was possible because of 

the transfer to heat of the Brownian and Neel relation losses of the magnetite particles 

within the polymer matrix [53]. 

Buckley et al. [54] produced a SMP filled with nickel zinc ferrite for magnetic 

actuation of medical devices.  The prototype medical device was a flower-shaped 

endovascular thrombectomy device for stroke treatment and an expandable SMP foam 

device for aneurysm embolization.  Testing of the device was done under a magnetic 

field generated by power supply connected to a copper-wound solenoid coil.  Based on 

the setup, the magnetic field needed for inductive heating was calculated by: 

         

 

  
   

 

where   is the impendance,   is the frequency,    is the inductive reactance,   is the 

voltage, and   is the current through the coil.  The coil is then assumed to be an ideal 
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solenoid, and using Biot-Savart law, the magnetic field in the middle of the coil can be 

modeled by: 

    

       

   

  
   

 

where    is the permeability of the free space,   is the number of turns,   is the radius of 

the coil,   is the length of the coil, and   is the field strength. Using these equations, 

control of the proper magnetic field for inductively heating the prototypes was used. 

Curie thermoregulation testing was then used to determine the optimal settings for the 

magnetic field.  In shape recovery, the flower actuated within 25 seconds and the foam 

within 15 seconds.  The devices also were actuated using a hot water bath.  Along with 

shape recovery testing, mechanical testing with DMTA was performed. Results from 

these tests showed an increase in dynamic storage modulus with the increase in nickel 

zinc ferrite filler [54]. 

Mohr et al. [55] produced a SMP (polyetherurethane (TFX) and a biodegradable 

multiblock copolymer (PDC) with poly(p-dioxanone) as hard segment and poly(e-

caprolactone) as soft segment) filled with nano iron (III) oxide particles for 

magnetoactive actuation.  Thermal and mechanical testing was performed on the SMP 

nanocomposites.  DSC showed no effect with filler content to the transition temperature.  

As with thermal testing, mechanical testing showed little change to mechanical 

properties, such as tensile strength and modulus, with filler content.  SME was 

demonstrated with an alternating magnetic field.  Shape fixity and shape recovery of the 

SMP nanocomposites showed 50% to 60% and ~80%, respectively [55]. 

Similarly, Weigel et al. [56] produced through injection molding a magnetically 

triggered SMP nanocomposite filled with iron (II,III) oxide embedded in amorphous 
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silica.  The SMP was a biodegradable multiblock copolymer (PDC) with poly(p-

dioxanon)diol as hard segments, PCL as soft segments, and 2,2(4),4-

trimethylhexanediisocyanate (TMDI) as chain extender. Specific adsorption rate (SAR) 

of the filler content was measured for the nanocomposites to determine the effects of both 

frequency and field strength on heating of the particles using an alternating magnetic 

field.  SAR testing also showed a preference of change in field strength over frequency to 

enhance heat production.  SEM was performed on the samples and showed mostly a 

homogenous distribution with few cases of agglomeration of filler content particles 

throughout the polymer matrix.  DSC thermal properties of the SMP nanocomposites 

stayed much the same as with the pure SMP likely because of the small portions of filler 

content. Mechanical properties showed little change with slight decreases in tensile 

strength and modulus with filler contents reaching 10% wt.; slight increases in these 

properties was seen with filler contents less than 10% wt.  DTMA showed constant 

storage modulus even with filler content and a drastic drop at transition indicating good 

shape memory function.  Warm and cold programming along with cycling was analyzed 

for the SMP nanocomposites.  Good shape fixity (90%-98% warm, 80%-84% cold) and 

shape recovery (68%-98% warm, 72%-99% cold) of the SMP nanocomposite samples 

were seen with shape recovery actuated via an alternating magnetic field.  According to 

the cycling data, shape fixity and shape recovery increase with cycling [56]. 

Cuevas et al. [57] studied the remote actuation by an alternating magnetic field for 

produced polyalknamer-based SMP composites filled with micro-sized iron particles.  A 

variety of iron microparticles were used including irregular shaped sponge and spherical 

full density.  For the composites, DSC characterized the thermal properties showing 



           Texas Tech University, John Carrell, May 2012 

28 

decreased transition temperatures and melting enthalpies with increasing filler content.  

Further, these decreases show the effect of crosslinking density on crystallinity, which is 

dependent on the filler content, has on the SMP.  Increased filler content allows for 

denser crosslinks limiting the crystalline formation within the SMP matrix.  This thus 

limits the transition temperature for the SMP with filler.  Thermal decomposition of the 

SMP composite was remained constant with the pure SMP to SMP with filler.  Dynamic 

mechanical testing showed good shape memory properties with the SMP composite as 

the storage and flexural modulus both had sharp decreases at transition.  Furthermore, the 

actuation of the SME with an alternating magnetic field was tested with the SMP.  

Successful demonstration was seen with the selection of proper particle size and content.  

The particle size and content limit the heat capacity for the composite, and their selection 

is vitale to ensure that the magnetic field properties are strong enough to heat the 

composite past transition to activate the SME.  Upon SME testing, non-filled SMP was 

tested and showed 99% recovery whereas filled SMP composites showed decrease 

recoverability (~90%).  This reduced recoverability was attributed to the lack of SME 

characteristics for the filler material [57].  

Razzaq et al. [58] analyzed produced SMPU filled with magnetite particles.  A 

commercial SMPU, MM4510 (Mitsubishi Heavy Industries, Tokyo, Japan) was used for 

this study and filled (knead mixing) with 10%, 20%, 30%, and 40% by volume of 

magnetite (Fe3O4).  Thermal testing included DSC and TGA, mechanical testing was 

performed by mechanical spectroscopy, and characterization was done by SEM.  SEM 

showed a homogenous mixture of filler within the SMP matrix along with irregular 

shapes and sizes for the filler particles.  DSC showed a minor reduction in transition 
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temperature with increase in filler content.  TGA showed the loss in transition 

temperature along with increased rigidity among the composites.  This loss is attributble 

to the restraining effect of the filler.  Mechanical spectroscopy showed an increase in 

storage modulus among the composites to the pure SMP.  The storage modulus for the 

composites maintains the sharp decrease at transition indicating the same shape memory 

behavior for the composites as to the pure SMPU.  Thermal stability of the SMP 

composite showed increased decomposition likely due to the increased heat absorption of 

the filler content [58]. 

Vialle et al. [59] analyzed the remote activation of a SMP nanocomposite reinforced 

with nanomagnetite.  Thermoset shape memory epoxy foam (DP5-1, Composite 

Technology Development) was used along with nanomagnetite at weight percents 

between 2.5-10 wt.%.  Nanomagnetite powder was added to Part A of the two part epoxy 

and thoroughly mixed until dispersion was reached.  Upon dispersion, addition of Part B 

(hardener) was added and the SMP composite was cured.  SEM was used to characterize 

the SMP nanocomposite and showed well dispersed particles with few large particles and 

clusters.  Electromagnetic heating the samples showed hot spots indicating hysteresis of 

the nanomagnetite particles as the primary heating mechanism.  Homogenous cooling 

was demonstrated after release of the magnetic field.  Based on the small content of filler, 

there was no significant change in the transition temperature of the SMP nanocomposite 

to the pure SMP.  Similarly, the storage modulus showed little change for the composites 

as to the pure SMP.  In testing the SME, both external heating and remote activation were 

performed.  Upon external heating, the SMP nanocomposites showed little change in 

shape recovery compared to the pure SMP.  Remote actiavation of the SME with an 
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alternating magnetic field was demonstrated with the SMP nanocomposites.  Samples 

were programmed with 75% strain and magnetic induction heating allowed for recovery 

of this strain within 10 seconds.  With remote actuation, Vialle et al. [59] suggest 

improving the heat transfer between particles within the bulk to increase the heating 

performance from magnetic induction [59]. 

Razzaq et al. [60] produced and analyzed a SMP nanocomposite filled with magnetite 

particles (0-40 vol.%.) and injection molding samples.  For sample production, a SMPU 

MM4510 produced by Mitsubishi Heavy Industries (MHI) was mixed with magnetite 

powder (size 9 µm, 0-40 vol.%.) and injection molded.  Thermal, electrical, and magnetic 

studies were performed on the SMP nanocomposite samples. Electrical resistivity was 

measured at increasing temperature.  Resistivity remains constant until the transition 

temperature is reached at which point a drastic increase in resistivity is seen.  This is 

because of the breakdown of the conducting pathways at and above the transition 

temperature.  Specific heat capacity for the SMP nanocomposites decreases with increase 

in filler content and is drastically reduced from the pure SMP.  The increase in 

conductive pathways for the SMP nanocomposites is the reason for this decrease.  

Magnetic testing showed an increase in power loss of magnetization for the SMP 

nanocomposite compared to the pure SMP.  This power loss of magnetization relates to 

the converted thermal heating and is thus key for magnetic induction heating.  

Understanding this allowed for the remote actuation of the SME with an alternating 

magnetic field at a low field strength and frequency (20% filler content, 4.4 kA/m, 50 Hz, 

recovery time 20 min) [60]. 
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3.3 Magnetoactive Elastomer Composites 

Magnetoactive and magnetorheological (MA) materials are a set of smart materials 

that change in mechanical behavior in the presence of a magnetic field.  The MA 

materials have dispersed magnetic particles throughout their base that interact with the 

magnetic field thus changing the viscosity, flexibility, and shape of the material. Carlson 

and Jolly [61] provides an overview of magnetorheological materials, such as fluids, 

elastomers, and foams giving a general background in the theoretical basis of and 

applications for the materials.  The MA elastomers or magnetoactive elastomer 

composites (MAEs), as they will be referred to in this research, are common elastomer 

composites with magnetic particle filler that actively change the modulus, strength, and 

shape formation of the composite.  MAEs can be processed to produce aligned or chained 

magnetic particles and/or homogenously mixed and distributed.  For chained particles, 

the polymer composites are processed so that the magnetic particles are aligned or 

chained with the application of a magnetic field prior to cross-linking.  This applied 

magnetic field will induce the magnetic dipoles moments and thus orient the chain along 

the applied magnetic field.  The cross-linking about the chained particles allows for 

special anisotropic mechanical properties for the composite when a magnetic field is 

applied parallel and transverse to the chain.  Conversely, homogenously mixed and 

distributed elastomer composites do not use a magnetic field prior to cross-linking to 

chain the particles and thus do not exhibit these special anisotropic properties. However, 

such elastomer composites still maintain the basic magnetosensitive reactions.  

Applications of MAE composites depend on these special reactions. Most notably is the 

change in stiffness with an applied magnetic field.  This stiffing has lead to applications 
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for adaptive tuned vibration absorbers, stiffness tunable mounts and suspensions, and 

variable impedance surfaces.  The MAE composites have found other application 

possibilities, such as electronic packaging applications and electromagnetic devices [61]. 

Farshad and Benine [62] created and tested a MAE composites consisting of a 

silicone rubber with filled with carbonyl iron particles.  The silicone rubber was a two 

part resin with a silicone type, K70A, and hardener, B126, produced by Tissa 

Composites.  The carbonyl iron used was type EW-I, averaged 3.8 µm in size, and was 

produced by BASF.  Three samples were prepared and tested: (1) pure silicone rubber, 

(2) silicone with randomly mixed metallic powder, and (3) silicone with aligned metallic 

powder (transverse and longitudinal).  Alignment of metallic powder was done with a 

magnetic field that would run across or with the sample.  Microscopic viewing shows the 

successful dispersion and the alignment of composite samples.  In mechanical tests, the 

magnetoactive rubber composite showed increased hardness (20% higher with 78 Shore 

A), increased stiffness, increased tensile strength, and increases compression modulus.  

Under magnetoactive tests, the magneto-elastic bending stiffness was increased with 

randomly dispersed particles, followed by longitudinally aligned and transversely 

aligned, respectively [62]. 

Sasikumar et al. [63] presents the fabrication two MAE composites with 

polychloroprene and nitrile rubber based elastomers both filled with nickel powder (2-3 

µm).  Each of the elastomers was filled at varying contents of nickel powder and tested.  

Process testing, which was based on cure time for the compression molding process, 

showed no significant difference with the polychloroprene based MAE composite. A 

definite increase in processability is seen, however, with the nitrile rubber based 
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composite due to the catalytic effect of nickel on the sulfur cure reaction.  As with other 

research, mechanical properties (i.e. tensile strength and modulus) for the MAE 

composites showed a definite increase when compared to the pure elastomers.  

Furthermore, an increase in filler content tended to increase these properties even more.  

Basic magnetic impedance testing showed an increase in magnetic impedance with metal 

content within the composites.  Electrical conductivity of the magnetoactive composites 

also increases with increase in metallic content [63]. 

Stepanov et al. [64] tested a MAE composite consisting of dispersed carbonyl iron (2-

4 µm) in a silicone rubber.  Isotropic (non-aligned) and magnetically aligned samples 

were produced per the procedure in Farshad and Benine [62].  Mechanical property 

testing considered the effect to Young’s modulus with an increasing magnetic field.  In 

these tests, Young’s modulus was effectively increased upon increase in an applied 

magnetic field during tension.  Furthermore, a demonstration of the common shape 

memory effect of MAE composites was performed. In demonstration, the composite was 

held under a constant magnetic field and loaded to deform.  Upon release of the load, the 

composite maintains the deformation due to the newly acquired magnetic moments of the 

magnetically soft particles within the composite that are formed by dipole-dipole forces 

aggregating about the magnetic field, which will effectively hold the deformation until 

the magnetic field is released.  Upon release of the magnetic field, these forces will cease 

and the internal forces of the composite structure will cause return to the initial shape.  

Magnetic behavior also is analyzed for the composites relating magnetostriction, 

magnetic susceptibility, and hysteresis of the anisotropic and isotropic samples.  In this 

analysis, magnetic susceptibility, defined as the ration of the increments of magnetization 
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  and field strength  , show a three times magnitude difference in susceptibility across 

the sample as to along the sample.  In hysteresis, composites showed lower hysteresis 

with lower filler content.  Following magnetic testing, visual observations were made of 

the composites the showing chain structuring of embedded particles along increasing 

magnetic fields.  This particle regrouping process is completely reversible in an elastic 

matrix.  Based upon this phenomenon and the performed tests models are derived 

explaining the magnetoactive properties of the elastomer, which are dependent on the 

movement of the magnetic particles within the polymer matrix [64]. 

Zhou and Jiang [65] analyze a mangetorehelogical elastomer (MRE) and elastomer 

filled composites, forms of MAE.  A MRE is a common elastomer filled with 

ferromagnetic particles.  The particles are aligned using a magnetic field, and upon 

application of a parallel magnetic field will show compression of the composite and 

stiffing of the modulus. Conversely, an EFC, which is a similar to a MRE but with 

randomly dispersed ferromagnetic particles, will show stiffening of the modulus, but an 

expansion of the composite along the applied magnetic field.  Based on these definitions, 

MREs and EFCs are produced in Zhou and Jiang [65] with two volume fractions of filler 

(27% and 50%). The dynamic deformation with an applied magnetic field is then 

analyzed.  In the dynamic deformation analysis for both the 27 vol.% and 50 vol.%. filler 

MREs, most of the displacement is seen the instant the magnetic field is applied (150-200 

ms). Following this point a stable voltage and thus magnetic field is reached, and the 

displacement of the MRE essentially ceases.   

As previously stated, this deformation is compressive.  A slight increase in 

displacement is seen with the 50 vol.%.. MRE indicating a relationship with volume 
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fraction filler and magnetic field displacement.  For the EFCs, similar results are 

achieved with expansion of both composites upon application of a magnetic field.  The 

displacement in comparison to the MREs is much larger because of the increased average 

magnetic interaction between the particles in the randomly distributed polymer matrix.  

In regards to a comparison between the two magnetoactive elastomers, the MRE is much 

stiffer due to the chained stiff ferrous particles, whereas the EFC is not due to the 

unchained particles [65]. 

Varga, Filipcsei, and Zrinyi [66] analyzed the electric field effects on the modulus of 

a MAE.  The elastomer composite of study was a poly(dimethl siloxan) elastomer loaded 

with carbonyl iron particles (2.5 µm, 10-30 wt.%). Samples were prepared both under an 

aligning magnetic field (anisotropic) and per random mixture and dispersion (isotropic).  

A theoretical model for the deformation in the magnetoactive elastomer is developed and 

will be discussed in succeeding sections.  Testing the effects of an applied magnetic field 

on modulus of the randomly dispersed composites showed an increase and subsequent 

increases with filler content.  With anisotropic composites, the modulus showed a greater 

increases when the field was applied with the aligned chain.  Increases similar to the 

isotropic sample were seen with the anisotropic samples when the magnetic field was 

placed perpendicular to the aligned iron chains.  In either case (parallel or perpendicular 

application), the increase of modulus was dependent on the filler content of the samples.  

This increase in modulus can also be controlled with the strength and frequency of the 

magnetic field [66]. 

Shen, Golnaraghi, and Heppler [67] analyzes two methods for fabricating MRE with 

a PU base and natural rubber base.  The natural rubber composite is fabricated much like 
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a regular elastomer.  The ingredients (natural rubber, zinc oxide, stearic acid, sulfur, and 

iron particles) are machine mixed thoroughly.  The composite was then cured at a 

temperature of 120°C under an electromagnetic field (strength 0.7 T for 30 minutes) for 

particle chain formation.  The PU based composite was simpler in fabrication as no heat 

was needed for curing, but the same mixture process of the PU and iron filler was 

performed. For chain formation of the iron particles, an electromagnetic field (strength 

0.4 T for 24 hours) was used with the PU composite.  Mechanical testing was performed 

on both elastomer composites and theoretical models were developed.  As with 

aforementioned publications, the addition of the iron filler reinforces the elastomer 

increasing the modulus and tensile strength.  With the addition of a magnetic field this 

reinforcement is increased further and is dependent on the strength of the magnetic field 

applied [67]. 

3.4 Multi-trigger Development 

This section will cover the essential knowledge needed for the success of this 

research.  The key focuses will be in SMPs, magnetoactive composites, and constitutive 

modeling.  The SMP discussion will cover the SME, possible architectures, and 

composites.  A special interest will also be on SMPUs, which will be the test polymer for 

this research.  MAE composites will be considered on their construction and magneto-

mechanical interactions.  Finally, a constitutive modeling approach will be discussed per 

the thermo-mechanical cycle in SMP, magneto-mechanical cycle in magnetoactive 

elastomer composites, and a possible combinatory model for a multi-trigger SMP 

composite per special thermo-magneto-mechanical interactions. 
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3.5 Shape Memory Polymers and the Shape Memory Effect 

SMPs exhibit a shape memory effect (SME) ability to hold a temporary shape for 

long periods and upon an external stimulus (most commonly heat) recover into a 

predetermined permanent shape [37 68].  The basis of the SME is on the polymer 

architecture, which consists of special “switching” segments and “hard” segments.  The 

hard segments set the permanent shape of the polymer and are the strong cross-links 

formed by either chemical or physical bonding (depending on the material system).  

Conversely, the switching segments are reversible structures that upon a transition 

temperature (glass transition (Tg) or melting temperature (Tm)-depending on the material 

system) allow the SMP to be deformed in an open state and set into a secondary shape in 

a closed state. The thermo-mechanical mechanism for the SME is illustrated in Figure 

3.1.  From Figure 3.1, State A shows the SMP heated above the transition temperature 

(Ttrans).  Above the transition temperature, the switching segments are non-existent and 

the hard segments hold the polymer in its permanent shape.  Because the switching 

segments are absent, the SMP is in a rubbery state that allows for easy and drastic 

deformations, seen from State B.  Cooling the polymer under constraint, as seen in State 

C, will allow those switching segments to “turn on” or become present.  These switching 

segments would then hold the deformation and place the SMP is in its rigid or glassy 

state, as seen in State D.  Reheating the SMP would then dissolve those switching 

segments allowing the hard segments or netpoints to return to their position thus 

returning the SMP back to its permanent shape [69-71] .  For SMP composites, the SME 

mechanism stays the same.  The filler material can however, effect the application of heat 

to the SMP.  SMP nanocomposites, which are SMPs filled with carbon nanotubes, have 
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shown an ability to be heated through electrical induction when a current is passed 

through the material [31 44-45].  Likewise, SMPs filled with ferromagnetic particles have 

shown magnetic induction heating by the application of an alternating magnetic field [51-

52 59 72]. 

 

Figure 3.1: Illustration of SMP polymer network for SME-taken from Behl and Lendlein 

[71] 

3.5.1 Shape Memory Polymer Architecture 

In understanding the basis of the SME, it is important to also consider the polymer 

structure to understand the detailed means for the SME and characteristics of the SMP.  

There are two commonly accepted structures for SMPs: covalently cross-linked and 

physically cross-linked.   

Covalently cross-linked SMPs are strong and irreversible configurations for the 

polymer network.  The chemically enabled cross-links of the SMP act as hard segments.  

The strength of these cross-links, which is attributable to the chemical bonding, makes 
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them very difficult to break.  This in turn creates a permanent shape for the SMP that 

cannot be reconfigured.  Attempting to do so would destroy the SMP.  Because the 

chemical cross-links are set and so strong, they do exhibit great recoverability over time 

and cycles [24].  The simplest of SMPs is the covalently cross-linked glassy polymer 

structure [69].  This structure relies on the chemically interconnected structure to set the 

permanent shape and shape recovery of the SMP, whereas the glass transition phase of 

the polymer segments act as the switch for shape deformation.  In such a case, Ttrans is Tg 

of the soft polymer segments.  Covalently cross-linked SMPs with a semi-crystalline 

structure are also possible.  Again, the chemically bonded netpoints provide the hard 

segments for the SMP and set the permanent shape of the polymer.  The semi-crystalline 

structure of the polymer segments are reversible above Tm and thus allow the shape 

deformation [69-70 73].  Typically, the reaction of the semi-crystalline structure above 

Tm is quite drastic creating a sharp SME and shape recovery when compared to SMPs 

covalent cross-linked with amorphous structures [69]. 

Physically cross-linked hard SMPs are enabled by the formed cross-links of 

copolymers that act as hard segments.  These hard segments, because physically formed, 

are weaker than covalent cross-links and thus are reversible allowing the possible 

reconfiguration of the permanent shape of the SMP unlike covalently cross-linked SMPs.  

This would be done by raising the temperature of the hard segment until it is dissolved 

and reforming the polymer to its new permanent shape and allowing it to cool.  In the 

cooling process the same physical cross-links can be formed in the a new configuration 

[69].  Because the physical cross-links are weaker, these links may also allow the SMP to 

exhibit creep after excessive cycling and/or time.  The physically cross-linked hard 



           Texas Tech University, John Carrell, May 2012 

40 

segments can allow the permanent shape of the polymer to be reconfigured because their 

bond is not as strong.  As with the covalently cross-linked SMPs, the physically cross-

linked SMPs can be either amorphous or semi-crystalline [4].  Physically cross-linked 

amorphous SMPs  

Synthesis of the covalently cross-linked SMPs can be done through the addition of 

multifunctional cross-linkers during polymerization or by cross-linking with a linear or 

branched polymer to a base polymer [24].  The base polymers have included: 

polyolefines, PUs, acrylic, polystyrene, and polysiloxanes [4].  Physically cross-linked 

are synthesized through copolymerization processing methods.  Typically, these 

processing methods are simpler than those for the covalently cross-linked SMPs [25].  As 

with covalently cross-linked SMPs, there are common bases and blends for the physically 

cross-linked SMPs including: bases-PUs, poly(ethylene oxide ethylene terephthalate) 

copolymers, aliphatic polyesters, polystyrene, poly(norbornyl), and blends-polyethylene-

nylon 6, poly(vinyl acetate), and poly(vinyl chloride).  Each of these base polymers 

presents their own special properties and processing characteristics.  For a complete 

overview SMP structures consult Leng [4], Ratna [24], and Gunes and Jana [25]. 

3.5.2 Shape Memory Polymer Nanocomposites 

A number of filler materials have been researched in the creation of shape memory 

polymer nanocomposites (SMP nanocomposites) [25].  Whereas the addition of the fillers 

has not changed the overall structure of the SMP or the heat induced SME, these fillers 

have been able to change a number of the properties of the SMP including: increasing the 

mechanical strength, increasing heat conduction, increasing thermal expansion, and 

increasing electrical/magnetic conduction [25].  Of these fillers, CNTs and ferric 
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nanoparticles have shown the unique ability for the application of the heat field through 

internal means.  In both cases, the filler materials have created conducting polymer 

composites, which have given them the ability to be heated through electrical induction 

heating.  In the case of ferric nanoparticles, magnetic conduction and thus magnetic 

induction heating has been possible.  Because of this change in heating mechanism, CNT 

and ferric nanoparticles fillers will be the focus of this section.  This section will thus 

examine the effects on the SMP with such fillers and the internal heating mechanisms for 

these SMP nanocomposites [23 74].  By understanding the filler effects and alternate 

heating mechanisms, a necessary understanding of SMP nanocomposites will be gained 

to further the concept of a possible multi-trigger with a SMP nanocomposite . 

As previously stated, the nano-sized filler particles, such as CNTs and nano iron (III) 

oxide particles, have very little effect on the polymer matrix structure.  They do, 

however, have interesting interactions with the polymer chains and polymer matrix that 

enhance the overall properties of the polymer.  CNTs have excellent mechanical and 

electrical properties and their interaction with the polymer matrix as a filler material can 

greatly affect the mechanical, electrical, and thermal properties of the polymer [75].  By 

grafting to cross-links with the polymer fortification of the polymer can be achieved thus 

increasing such properties as tensile strength and modulus [4].  Furthermore, CNTs are 

excellent heat conductors that when used as fillers can increase the thermal conductivity 

of polymer nanocomposites.  This in turn can decrease the heating time to reach Ttrans for 

the polymer.  Possible interactions with the CNTs and the polymer, such as acting as a 

nucleating agent during processing, can increase the crystallinity of the polymer.  This in 

turn can slightly reduce the Ttrans for the polymer [40-42 50 76].  Nano-sized ferritic 
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particle fillers have shown similar affects, such as increases in mechanical strength, 

thermal conductivity, and electrical conductivity, to the polymer nanocomposite due to 

their good mechanical and electrical properties [72].  Their interaction with the polymer 

chain and matrix has also created other special properties not privy to CNT fillers.  

Because of their special magnetic properties, ferritic fillers have shown an increase in 

magnetic conductivity for SMP nanocomposites [77].  They have also shown special 

processing capabilities for particle chain alignment, which possible creates anisotropic 

polymer nanocomposites [55].   

 

Figure 3.2: Electrically Induced SME with SMPU filled with CNTs-adapted from Sahoo, 

Jung, and Cho [41] 

Increased mechanical, electrical, thermal, and magnetic properties are generally 

evident with any polymer nanocomposites, but what makes these fillers especially 

important for SMPs is their effects on inducing the SME.  CNT fillers within SMP 
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matrices have enabled internal heating through resistive heating (See Figure 3.2).  This is 

attributable to the conductive pathways within the polymer matrix created by the CNTs.  

These conductive pathways allow the flow of electricity through the SMP nanocomposite 

and are dependent on the percent CNT filler.  Increased filler content will increase the 

possible pathways for electricity to pass and thus increase the conductivity of the SMP 

nanocomposite [30].  The electricity that does pass through SMP nanocomposite will 

meet resistance at points where it passes through the actual polymer chain.  This 

resistance will thus produce by heat within polymer and causing the polymer to internally 

heat.  Heating causes the part movement and relaxation of the molecular chain of the 

SMP or SMP nanocomposite.  This relaxation and thus energy needed to heat the SMP 

nanocomposites is explained by Eyring general theory 

     
       

where:     is a constant,   is the gas constant,   is absolute temperature, and    is the 

energy for the relaxation process.  For the SMP nanocomposites,    is the activation 

energy for the soft segments of the polymer,   is then the recovery time once divided by 

     (constant ~2.78).  At varying temperature,    can be determined by the following 

equation that shows with an increase in recovery temperature a decrease in recovery time 

[30]. 

    
    

      
 

 

The energy required for recovery aids in determining the electrical energy needed to 

inductively heat a SMP nanocomposite.  This electrical energy is dependent on the size, 

shape, and resistance of the SMP composite of reference.  Also, of importance is the 
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efficiency in which electrical energy is converted to thermal energy.  This efficiency is 

determined by use of the above equation and experimental data from the SMP 

nanocomposite.  The overall electrical power that is thus need for SME actuation is stated 

as 

           
  

 
  

 

where   is the density,    is the specific heat,    is the initial temperature,    is the 

transition temperature,   is the voltage for actuation,   is the resistance of the SMP 

nanocomposite, and   the coefficient for energy transfer from electrical to thermal [44 

47].  As with conversion efficiency, the resistance of the SMP nanocomposite can also be 

determined experimentally through 

   
 

 
 

 

where   is the resistance of the nanocomposite,   is its density,   is the length of the 

sample, and   is the cross-sectional area [30 35 47] 

 

Figure 3.3: Magnetically Induced SME with SMP filled with nano iron (III) oxide particles-

taken from Mohr et al. [55] 

For magnetic induction heating, an alternating magnetic field at a high frequency is 

applied to the ferric nanoparticles within SMP matrix (see Figure 3.3).  The general 

theory for strain relaxation is used as with CNT filled nanocomposites, but in the case of 
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the magnetically active SMP nanocomposite conversion to heat from electromagnetic 

energy is attributable to the Néel relaxation of the internal magnetic moment for the 

nanoparticles within the SMP matrix.  Relying on the strain relaxation theory, as with the 

CNT SMP nanocomposites, a relationship between the energy needed to cause the SME 

and the frequency can be obtained by 

     
       

where   is the frequency that fulfills the conduction     =1 and             [58].  

Understanding this relation to frequency with the energy required for the SME, a model 

must be developed that encompasses the particle heating and thus heat transfer to the 

SMP nanocomposite material.  Dealing with the magnetic moment for the nanoparticles 

will require evaluation of the shape of the nanoparticles.  For reasons of simplification, in 

models for magnetic induction heating the particles are assumed to be spherical.  

Furthermore, magnetic induction heating is a localized heating meaning that the particles 

within the SMP nanocomposite will heat first which in turn will transfer to the 

surrounding polymer material.  Because of to this, the developed model for magnetic 

induction heating should consider the single particle heating and its affect on the whole.  

The model must also consider the relationship temperature-time relation, which would 

account for the specific time,  , needed to heat the SMP nanocomposite to a specific 

temperature,  , under an alternating magnetic field at high frequency.  The resulting 

model developed in Levine et al. [52] considers effects and relationships per 
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where   is the density,    is the heat capacity,   is the coefficient of thermal 

conductivity, and   is the radius.    and   are related to the radius of the nanoparticles 

and are limiting factors on the rate of internal heat generation of the nanoparticles per 

unit volume of magnetic core,   . 

With the established mechanisms for the filler material and alternate means of heat to 

transition, a better understanding of the interactions of these materials to the SMP matrix 

is gained.  This understanding and the key concepts developed from this will be essential 

in the development of a multi-trigger mechanism.  This multi-trigger will be 

distinguished by the use of a heat field, which could include external or internal heating, 

and magnetic field.  Because the heat field will be included as one of the multi-triggers, 

the avenues for heating discussed here will be analyzed and tested in this research.  The 

key concepts of the magnetic field will be similar to those seen in magnetoactive 

elastomer composites, which are discussed in the proceeding section. 

3.6 Magnetoactive Elastomer Composites 

MAE composites show an ability to change shape and mechanical properties in the 

presence of a magnetic field and are comprised much the same as SMP nanocomposites.  

The MAE composite is a rubbery elastomer filled with ferromagnetic particles.  Because 

of their interaction with the polymer network, these particles can increase the mechanical 

properties, such as stiffness and modulus [66].  Similar to SMP nanocomposites, MAE 

composites have also seen increases in heat, electrical, and magnetic conductivity.  Like 

magnetically induced SMP composites, MAE composites have the ability to be processed 

in anisotropic configurations by alignment of magnetic particle chains during processing 

[78].  The formation and mechanism of MAEs will be important for the success of this 



           Texas Tech University, John Carrell, May 2012 

47 

research.  The mechanism for shape and property change within the elastomer composites 

will be a part of the foundation for the development of a multi-trigger material in this 

research. 

 

Figure 3.4: Isotropic and anisotropic cases for magnetoactive elastomer composites-taken 

from Varga et al. [66] 

The movement of the magnetic particles within the MAE composite is the key in 

understanding the movement or shape change of the composite.  This movement is 

dictated by the strength and direction of the applied magnetic field on the composite.  As 

seen in Figure 3.4, an assumed fixed constraint is placed on the bottom of the MAE 

composites and a magnetic field is applied in all directions and in all orientations for 

anisotropic cases.  The result for all cases, is a resulting compressive force and shape 

change for the elastomer composites [66].  Similarly, depending on the surface constraint 

for the MAE composite sample and the magnetic field direction tension, bending, and 

torsion cases can be derived.  The key point in design with use of the MAE then becomes 

where and in which direction to apply the magnetic field and if used what orientation to 
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set the anisotropic sample.  Unlike SMPs or SMP nanocomposites, where given a global 

change in environment (i.e. temperature) direction of shape change is determined by the 

formation of hard segments that set the permanent shape of the polymer, MAE 

composites in this regard provide added control in the application of the triggering field.  

Furthermore, the added feature of creating an anisotropic sample provides even greater 

potential for controlled shape and property change [66].  This added control, as it pertains 

to the SME for the to-be manufactured SMP nanocomposite, will be discussed in further 

detail in the next section. 

Regarding the magnetically induced deflection and measurement thereof, an approach 

similar to Farshad and Benine [62] will be incorporated.  A specialized apparatus will be 

created and used for magnetic characterization (see Figure 3.5).  The apparatus will set a 

magnetic flux a certain distance from the sampled, the sample then deforms, and upon 

incidence with a laser a reflection is made to a triangulation meter that measures the 

deformation of the sample. 

 

Figure 3.5 :Magnetic Characterization Apparatus used in Farshad and Benine [62] 

The setup used in Farshad and Benine [62] will thus allow for the calculation of 

induced magnetic force of the sample with  
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where     is the induced magenetic force,   is the magnetic flux density at the free end 

of the sample, and   is a coefficient that is dependent on the effective sample area as well 

as the permeability of the air.  Using classical beam theory, the end force of the beam 

samples is 

   
    

  
 

 

where    is the end force,   is the elastic modulus,   is the second cross sectional 

moment,   is the corresponding deflection, and   is the free length of the beam sample.  

With magnetic bending tests, the magnetoactive properties of the developed 

nanocomposite can be tested, specifically magnetically induced bending stiffness as it 

pertains to magnetic field strength and direction. 

Based on these special properties for MAEs, which are attributed to the interaction 

between the elastomer matrix and the magnetic filler, a SMP nanocomposite may be 

developed that will be triggered by a heat field and a magnetic field.  The next section 

will discuss in greater detail the basic theory behind creation of this multi-trigger material 

through the combination of special shape memory properties of both SMP 

nanocomposites and MAE composites. 

3.7 Multi-trigger SME Mechanism 

For this research, the concept that will be developed and analyzed will be the 

actuation of the SME within a SMP nanocomposite by not only a heat field, but a 

magnetic field as well.  To accomplish this, the natural hyperelastic state of the SMP 

nanocomposite above its transition temperature will be used and will allow the SMP 



           Texas Tech University, John Carrell, May 2012 

50 

nanocomposite to act similar to a MAE.  These MAEs are elastomers filled with 

ferromagnetic particles.  Natural elastomers are highly deformable under loads and have 

an inherent ability to return to form upon release of the load.  With the addition of 

ferromagnetic filler, MAEs still have the ability to be readily deformed by a load, but 

with the application of a magnetic field this deformation can be held even upon release of 

the load.  The MAE maintains the deformation because of newly acquired magnetic 

moments of the magnetically soft particles within the elastomer that are formed by 

dipole-dipole forces aggregating about the magnetic field.  These forces effectively hold 

the deformation until the magnetic field is released.  Upon release of the magnetic field, 

these forces will cease and the internal forces of the composite structure will cause return 

to the initial shape [63-64].   

The mechanism that will be explored will be using a magnetic field to force 

deformation of the SMP nanocomposite.  In this scenario, the SMP nanocomposite would 

not have a temporary shape, and once heated beyond the transition temperature would 

remain in its permanent form (barring excessive loading). Even though the form of the 

SMP nanocomposite would not change it would still become rubbery, much like a 

common elastomer.  An applied magnetic field could then be applied to force 

deformation of the SMP composite, and upon release of the magnetic field the SMP 

composite would return to form.  This mechanism would again be similar to previous 

works with MAE where magnetic fields were applied to cause deformation rather than 

hold deformation [62 79].  This return to permanent shape might be more desirable in 

some applications, such as with actively releasable fasteners for product disassembly, 

because the added process of training the SMP composite is not needed [5 8].  Alignment 
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and dispersion of the magnetite particles within the SMP nanocomposite will again be 

important for factors for understanding the internal energies and stresses and to gage the 

magnetic field to be applied for deformation.  
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CHAPTER IV 

TOWARDS A MULTI-TRIGGER SMART MATERIAL: INVESTIGATION OF THERMALLY AND 

MAGNETICALLY CONTROLLED SHAPE MEMORY POLYMER NANOCOMPOSITE 

ABSTRACT 

Shape memory polymers (SMPs) have a special functional ability to recover trained 

deformation upon a single trigger.  This single trigger can be a hindrance in many 

applications where ambient conditions could cause accidental triggering.  A means to 

regulate the possibility of accidental triggering would be by the addition of another 

trigger.  The focus in this research was thus to investigate a means for a multi-trigger 

mechanism with a shape memory polymer nanocomposite (SMP nanocomposite).  A 

commercially available shape memory polyurethane was filled with varying proportions 

(5 wt.%, 10 wt.%, 15 wt.%, 20 wt.%, and 25 wt.%) of magnetite nanoparticles and tested 

by thermomechanical methods, derived thermo-magnetic-mechanical methods, and shape 

memory methods. Current processing and testing provide results of an ability of the SMP 

nanocomposite to be controlled in shape deformation and recovery with both thermal and 

magnetic triggers.  Furthermore, with the addition of the magnetite to the polymer matrix 

showed increases in material properties (i.e. tensile strength, modulus, and thermal 

conductivity) with proportional increase in magnetite filler content.  Changes in basic 

shape memory properties (i.e. shape fixity and shape recovery) were seen to be minimal 

with the magnetite filler content and are slightly lower than the pure shape memory 

polyurethane in accordance with the increasing amount of filler material.  Overall, the 

produced SMP nanocomposite assumes to provide an interesting alternative to current 

SMPs with the ability to be triggered by both a thermal and magnetic field. 
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4.1 INTRODUCTION 

Shape memory polymers (SMPs) have the functional ability to be drastically 

deformed at a transition state, hold this deformation when out of this transition state, and 

recover this deformation when placed back in the transition state.  The special ability for 

shape change and memory has made SMPs applicable in a number of purposes including: 

deployable structures, releasable fasteners, actuating biomedical devices, and smart 

textiles.  Their common use in such applications has been hindered by issues with 

concerning mechanical and thermal properties.  In general, SMPs are not as mechanically 

robust as their regular engineering counterparts.  The mechanical strength range for 

SMPs is typically between 5 MPa and 100 MPa, whereas, a regular engineering polymers 

can well exceed the 100 MPa threshold [1].  Furthermore, their shape recovery stress is 

quite low (~0.1 MPa to 10 MPa), especially when compared to shape memory alloys 

(SMAs) that have high shape recovery stresses (up to ~800 MPa) [2-3].  SMPs are also 

primarily triggered by the application of heat.  The heat trigger is useful in a number of 

applications where globalized temperature can be readily controlled, but for some 

applications global temperature constraint might not be possible.  These issues have thus 

focused attempts to make SMPs stronger, recoverability stress higher, and triggering 

applications localized.  The creation of SMP composites has been the means to solve 

many of these issues. 

Shape memory polymer nanocomposites (SMP nanocomposites) are basic SMP 

matrices with nanosized filler materials.  A number of different filler materials have been 

studied and analyzed including: microfibers, carbon nanotubes (CNTs), nanoclay, nano 

SiC, carbon black (CB), inorganic filler, and organic filler [1].  As with most filler 
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materials and composites, the addition of fillers acts as a reinforcement for the polymer 

matrix.  This in turn creates stronger materials.  Furthermore, the interaction of the filler 

materials within the SMP matrix has also shown a slight increase in shape recovery 

stress.  Whereas the increase in recovery stress is common, it still does not put the SMP 

nanocomposites in the same class that of SMAs.  However, the available increase in 

shape recovery stress of the SMP nanocomposites elements can be make them applicable 

in more circumstances.  Filler materials, such as CNTs, CB, and ferrite particles, have 

also shown triggering through electric and magnetic heat induction allowing for localized 

application of the heat field [4].  This research work will focus on the development of a 

SMP nanocomposite that not only reinforces, but also allows for the application of a 

thermal and magnetic field for shape memory deformation and recovery.  Furthermore, 

this research will look  

 To investigate mechanical and magnetic property changes of the SMP 

nanocomposite at ambient temperature and transition temperatures, 

 To develop an understanding in the relationship between thermal, mechanical, and 

magnetic properties of the SMP nanocomposite for controllable deformation, and 

 To determine the design implications for SMP nanocomposite components based 

on the special thermomechanical and magnetic capabilities. 

4.2 Experimentation 

4.2.1 Material Processing 

A commercially available shape memory polyurethane (Diaplex MS5520) along with 

magnetite nanoparticles (NanoArc, Iron(III) Oxide, 20-40 nm APS Powder from Alfa 

Aesar) were used to form the SMP nanocomposite.  In processing, the Diaplex resin (70 
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wt.% DMF to 30 wt.% SMPU) was vigorously blended with the desired portion of 

magnetite nanoparticles (5 wt.%, 10 wt.%, 15 wt.%, 20 wt.%, and 25 wt.%).  The mixture 

was then poured in a mold treated with Frekote 720NC mold release and degassed for 12 

hours to remove air bubbles.  For removal of DMF, the mold was placed in an oven at 

80°C for 48 hours.  The resulting sheet of SMP nanocomposite was machined to produce 

block samples (5 x 1 x 50 mm) for testing. 

4.2.2 Testing 

4.2.2.1 SEM Imaging 

Scanning Electron Microscopy (SEM) images were taken with a Hitachi S-4300SE/N 

in back scattering mode.  Samples were prepared by freezing with liquid nitrogen, 

manually breaking, and metal coating. 

4.2.2.2 Thermomechanical Testing 

Thermomechanical testing was performed with an AGS Tensile Test machine fitted 

with a thermal chamber.  Tensile tests were performed at room temperature (25°C) and 

an elevated temperature (60°C) to determine the effects of heat to the mechanical 

properties of the SMP nanocomposites. 

4.2.2.3 Thermo-mechanical-magnetic Testing 

Thermo-mechanical-magnetic testing was performed with the AGS Tensile Test 

machine fitted with a thermal chamber and designed magnetic setup (See Figure 4.1).  

This test was performed with the sample having a free end, which was placed a distance 

from the strong rare-Earth magnet (Grade N42, 50 x 25 x 25 mm, Neodymium Block 

Magnet, Pull Force 622 N).  Upon heating, tensile deformation of in the form of bending 
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of the sample was recorded.  As depicted in Figure 4.1, the length of the samples was set 

at 30 mm, the distance from the magnet and sample was originally set at 18 mm.  The 

magnet was then gradually brought towards the sample until the sample made contact 

with the magnet. 

 

Figure 4.1: Magnetic Testing Setup. L is the length of the sample, d is the distance from the 

magnet to the sample, Δ is the deflection of the sample, and dg is the distance between the 

magnet and original position of the sample 

4.2.2.4 Shape Memory Testing 

Basic shape memory testing was performed in a Shimadzu AGS J Tensile Test 

machine fitted with a thermal chamber (see Figure 4.2).  Column shaped SMP 

nanocomposite samples (40 mm L x 5 mm W x 1 mm T) were tested using the following 

procedure: 

1. SMP nanocomposite sample heated above Ttrans (55°C according to 

manufacturer) and stretched to the maximum strain,   , approximately 25% 

strain, 

2. SMP nanocomposite samples while constrained in machine were allowed to 

cool to room temperature (~25°C), 
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3. Bottom constraint of SMP nanocomposite sample was removed and resulting 

strain was measured.  Shape fixity of the SMP nanocomposite was determined 

according to this step by: 

   
     
  

       

4. While unconstrained SMP nanocomposite sample was heated above Ttrans for 

shape recovery and allowed to cool.  Resulting strain was measured.  Shape 

recovery was determined according to this step by: 

   
     

  
  

 

 

 

Figure 4.2: Shape memory testing process 

Because the SMP nanocomposite is magnetically sensitive a modified shape 

memory test also was included (See Figure 4.3).  The benefit of this test was to 

determine possible differences in shape memory performance through traditional 
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mechanical means and new magnetic means.  The procedure for this shape memory 

test includes: 

1. SMP nanocomposite beam sample were heated above Ttrans (55°C according 

to manufacturer) and magnetic field applied to bend as per the magnetic bend 

test, 

2. SMP nanocomposite samples while constrained by magnet were then allowed 

to cool to room temperature (~25°C), 

3. The magnet was then removed from the SMP nanocomposite sample and 

resulting deflection (p) was measured.  Shape fixity of the SMP 

nanocomposite was determined according to this step by: 

   
     

  
      

] 

4. While the magnet is removed the SMP nanocomposite samples were heated 

above Ttrans for shape recovery and allowed to cool.  Resulting deflection was 

measured.  Shape recovery was determined according to this step by: 

   
     

  
  

] 

 

  



           Texas Tech University, John Carrell, May 2012 

59 

 

Figure 4.3: Modified shape memory testing process 

4.3 Results 

4.3.1 SEM Imaging 

 

Figure 0.4: SEM images of SMP nanocomposite. Top Left 10 wt.%, Top Right 15 wt.%, 

Bottom Left 20 wt.%, Bottom Right 25 wt.%.  Results show an increase in both 

nanomagnetite agglomeration and distribution with increase in nanomagnetite loading. 
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SEM characterization showed random distribution of magnetite particles and clusters 

throughout the composites (See Figure 4.4).  These clusters appear to increase with the 

amount of magnetite filler.  Along with this increase in clusters is an apparent increase in 

the size of the clusters with the increasing amount of magnetite filler.  The clusters appear 

to be randomly distributed throughout the polymer allowing for uniform magnetically 

controlled deformation seen in the subsequent sections. Such results are similar to past 

research per Weigel, Mohr, Lendlein [56], Razzaq et al. [58 60], and Vialle et al. [59]. 

4.3.2 Thermomechanical Analysis 

Tensile testing performed at room temperature for the SMP nanocomposite showed 

an increase in strength (i.e. modulus and yield) with increase in filler material (See Figure 

4.5).  These results agree with past research where the nanoparticles filler acts as a 

reinforcing agent to the polymer matrix thus strengthening the material [30-33 37-38 40 

42 45 50 53-54 57-59 76 80].  
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Figure 0.5: Tensile Test Results at Room Temperature.  Increasing reinforcement with 

increase in nanomagnetite filler except for 25 wt.% sample 

In comparison to the room temperature performance of the SMP nanocomposite, a 

drastic decrease in modulus and yield can be seen when the SMP nanocomposite is tested 

above its transition temperature (see Table 4.1).  The same reinforcement with magnetite 

filler is seen with the samples above the transition temperature with an increase in 

modulus and yield strength.  These material properties likewise increase with filler 

content (See Figure 4.6).  At both room temperature and transition temperature, the SMP 

nanocomposite shows increases in yield and modulus with increase except for loadings of 

25 wt.%.  The reduction in yield and modulus from 20 wt.% and 25 wt.% can be 

explained by the interferences of the magnetite particles to the cross-linking formations 

of the SMP nanocomposite, which occurs with the increase in loading. 

Table 4.1: Comparison of Modulus at Room Temperature and Transition Temperature 

SMP 

Nanocomposite 

Room 

Temp Transition 

Pure 0.2035 0.0060 

5 wt.% 0.2780 0.0102 

10 wt.% 0.3055 0.0116 

15 wt.% 0.3253 0.0156 

20 wt.% 0.5014 0.0176 

25 wt.% 0.3719 0.0256 
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Figure 4.6: Tensile Test Results at Transition Temperature. Increasing reinforcement with 

increase in nanomagnetite filler 

4.3.3 Thermo-mechanical-magnetic Testing 

 

Figure 4.7: Comparison of magnetic affects to thermomechanical properties: a) testing 

performed below transition temperature, b) testing performed above transition 

temperature. 
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Thermo-mechanical magnetic testing investigated the magnetically induced 

deformation possible when the SMP nanocomposite is below and above transition 

temperature.  Figure 4.7 shows the drastic change in mechanical deformation possible 

with an applied magnetic field when the polymer is first below the transition temperature 

and then above the transition temperature. 

The results of testing illustrate the capability of the SMP nanocomposite in shape 

memory and in multiple field effect in regards to thermal and magnetic stimuli.  The 

multi-trigger actuation of the SMP nanocomposite exists because of the drastic 

mechanical property change above the transition temperature.  The drastic change seen in 

the reduction of the modulus is key in allowing the magnetite nanoparticles to be more 

easily deformed by the applied magnetic field. The controlled deformation and drastic 

difference in deflection is explained simply by basic beam theory according to the force 

at the free-end of the beam  

 

   
    

  
 

 

where   is the deflection of the beam,   is the elastic modulus,   is the second cross-

sectional moment, and   is the free length of the beam.  A loss in modulus would result in 

greater deflections assuming the force at the free-end is the same for tests below and 

above transition temperature.  Accordingly, the results of the thermal-mechanical-

magnetic testing are seen in Figure 4.8 and Figure 4.9. 
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Figure 4.8: Results of magnetic field testing of SMP nanocomposites below transition 

temperature (d is the distance of the magnet to the SMP nanocomposite beam and Fb is the 

bending force) 

The filler content of the SMP nanocomposites shows a relation where the deflection, 

which is understood by the bending force increases at a given interval with an increase in 

filler content.  This is evident in both cases above and below the transition temperature.  

The strength of the magnetic field induces these resulting deflections (i.e. increasing with 

increase in filler content) even with the increase in mechanical properties (i.e. modulus 

and stiffness) seen in thermo-mechanical testing.  The explanation for these results is 

similar to that of the increased electrical conductivity of SMP filled with carbon 

nanotubes (CNTs). The CNT filler of the nanocomposites provides conductive pathways 

through the SMP matrix.  With an increased CNT filler content a increase in the possible 

pathways for electrify to pass is seen and thus an increase in electrically conductivity is 
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seen [30].  Likewise, the magnetite filler content provides increased pathways for a 

magnetic field which can result in greater magnetic conductivity of the SMP 

nanocomposite. 

 

Figure 4.9: Results of magnetic field testing for SMP nanocomposites above transition 

temperature (d is the distance of the magnet to the SMP nanocomposite beam and Fb is the 

bending force) 

4.3.4 Shape Memory Testing 

Shape memory testing of the polymer showed minimal changes in both shape fixity 

and shape recovery with the magnetite filler (See Table 4.2).  This effect to shape 

recovery is dependent on the nanofiller within the SMP matrix because the filler would 

call for increase work by the hard segments to move particles thus limiting shape 

recovery [36 38 42].  This same interfacial interaction will also affect the shape fixity.  

With the filler, the volume ratio of hard segments to switching segments can be 
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effectively reduced with filler material.  The relationship between these segments and 

their active or frozen phase effectively control the fixity of the SMP nanocomposite. With 

filler content, the movement and deformation because of the thermal expansion of the 

nanoparticles must be held in place by the switching segments.  Depending on the percent 

of the filler content, the switching segments may not effectively hold the SMP 

nanocomposite in its temporary position, decreasing the shape fixity of SMP 

nanocomposite compared to the pure SMP [4].  Typically, a threshold will be met with 

the amount of filler content that would greatly effect the shape memory behavior of the 

SMP nanocomposite.  In the case of the experiments performed for this study, this 

threshold was not met and would thus require loadings greater than 25 wt.% to reach a 

drastic change in shape memory behavior. 

Table 4.2: Shape Memory Testing Results 

SMP 

Nanocomposite  

Original 

Length 

(mm)  

Stretched 

Length 

(mm)  

Unconstrained 

Length (mm)  

Recover 

Length 

(mm)  

Fixity 

(%)  

Recovery 

(%)  

Pure  40.00  48.14  47.48  40.27  98.37%  99.33%  

5%  40.00  47.85  48.13  39.53  99.29%  98.82%  

10%  40.00  47.66  47.80  39.48  99.67%  98.70%  

15%  40.00  49.45  49.17  39.35  99.32%  98.38%  

20%  40.00  48.02  48.10  39.33  99.80%  98.33%  

25%  40.00  48.31  48.23  39.06  99.81%  97.66%  

Accordingly, the modified shape memory testing proved to show similar results with 

the traditional approach (See and Figure 4.3).  Maximum deflection for shape fixity was 
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dependent on the loading of magnetite filler per the magnetic bend test.  Based on the 

maximum deflections, the SMP nanocomposite samples showed good fixity values (~95-

97%).  Likewise, shape recovery from the modified shape memory test showed good 

results.  Upon removal of the magnetic field and temperature increase, the SMP 

nanocomposite samples were able to recover a majority of their deformations (~93-95%). 

4.4 Discussion 

The results from testing and characterization of the SMP nanocomposite exhibit the 

thermal and magnetic sensitivities of the SMP nanocomposite.  These sensitivities are 

further represented and discussed in this section.   

The shape memory testing model is represented in Figure 4.10, which details the 

thermomechanical cycle of for shape memory recovery of the SMP nanocomposite 

samples.  This representation is common for SMP shape memory tests, where the SMP 

nanocomposite is stretched above its transition temperature, cooled under constrained, 

brought to a stress free state, unconstrained, and heated for recovery [81].  The transition 

temperature for the Diaplex MS5520 is 55°C according to its manufacturer [82].  

According to this transition temperature for the pure SMP, it is assumed that the addition 

of the magnetite particles will not have a major effect on the transition temperature of the 

SMP nanocomposite.  In plotting the recovery of the SMP and SMP nanocomposites, a 

±5°C transition zone is assumed according to Qi et al. [83].  The resulting plot thus shows 

the stress/strain loading for each SMP nanocomposite, which varies at initial tensile 

loading above transition temperature and is essentially identical upon strain recovery. 
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Figure 4.10: Thermomechanical behavior of SMP Nanocomposites with SME. 1) Tensile 

loading above transition temperature, 2 to 3) end of tensile loading followed by cooling 

under constraint, 3-4) sample freed from constraint leaving sample in free-stress state, 4 to 

5) shape recovery of sample based on applied thermal field 

As with the basic shape memory testing, a corresponding model for the thermo-

mechanical-magnetic behavior of the SMP nanocomposites is exhibited in Figure 4.11.  

This model is very similar to the basic thermomechanical model, but is differentiated by 

the addition of the magnetically controlled bending of the SMP nanocomposite exhibited 

in curve 1 Figure 4.11.  In this model the same assumptions per shape recovery and 

transition temperature are assumed as with the previous model.  The only difference is in 

the deflection of the SMP nanocomposite, which replaces the strain of the previous 

model.  Further, the magnetic properties of the given SMP nanocomposites vary 
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according to the loading of magnetite.  As such, deflection of the SMP nanocomposites 

varies and allows for slight differences in the shape recovery. 

 

Figure4.11: Thermomechanical behavior of SMP Nanocomposite based on magnetically 

controlled deformation and shape 1) Magnetically controlled bending of sample above 

transition temperature, 2 to 3) end of magnetic bending followed by cooling under 

constraint, 3-4) sample freed from constraint leaving sample in free-stress state, 4 to 5) 

shape recovery of sample based on applied thermal field 

The results of these models illustrate the thermomechanical and magnetic behavior of 

the SMP nanocomposite, which can be used to better understand the interactions of the 

SMP matrix and magnetite particles.  These models also illustrate the capability of the 

SMP nanocomposite in shape memory and in multiple field effect in regards to thermal 

and magnetic stimuli.  The multi-trigger actuation of the SMP nanocomposite is due to 

the drastic mechanical property change above the transition temperature.  Magnetically 



           Texas Tech University, John Carrell, May 2012 

70 

controlled deflection in the presence of a thermal field shows the multi-trigger capability 

of the SMP nanocomposite. To further understand this capability of the SMP 

nanocomposite the relationship between the magnetic filler particles and SMPU matrix 

must be understood.  Similarly it is helpful to consider the magnetic particles movement 

[64 84], magnetorhelogical effects [61 66 85-87], and magnetically controlled 

deformation [88-90] of magnetoactive elastomers (MAEs).  MAEs are base elastomers 

filled with ferritic particles that change mechanical properties and shapes in the presensce 

of the magnetic field.  The ability of these materials to be sensitive to a magnetic field in 

such a way is based on the mechanical properties of the base elastomer, which has a low 

modulus and stiffness allowing for easy mechanical manipulation.  The standard state of 

these elastomers is the same as the SMP nanocomposite when placed above its transition 

temperature.  The developed models that explain the deformation of these elastomers are 

likewise relevant to understanding the magnetically controlled deformations of the SMP 

nanocomposite.  For this purpose, the deformation models for the SMP nanocomposite 

can be defined by the special elastic properties of the SMP nanocomposite above 

transition according to a common Cauchy stress tensor 

             
  

 

where:       is the isochoric left Cauchy-Green tensor, and   ,   , and    are 

functions of the principal invariants defined by 
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Based on the Cauchy stress tensor, the constitutive relation for magnetic field 

deformation can be accounted for by 

               
                     

     
            

 

where:   ,          , are functions of the temperature,  , principle invariants,      , 

     ,      , and the magnetic flux     ,        ,         .  The magnetic flux,  ,  

is defined by Maxwell’s equations 

        
 

where:    is the magnetic permeability and   is the magnetic polarization density [66 

88-90].  This understanding of the magnetically controlled deformation of the SMP 

nanocomposite establishes the relationship between the thermal, mechanical, and 

magnetic properties of the SMP nanocomposite.  This relation, particularly at transition 

temperature, is important in considering the design implications for SMP nanocomposite 

components. 

In design of SMP nanocomposites components, the thermal and magnetic cycle for 

deformation and recovery sets the original and secondary shape of the component. As 

previously discussed, the magnetically controlled deformation is made possible through 

the thermomechanical properties of the SMP nanocomposite, particularly the drastic 

reduction in modulus at the transition temperature.  This reduction allows for the 

controllable deformation by the applied magnetic field and its effect on the magnetite 

filler.  The reduction also allows for easy conformability of the SMP nanocomposite to 
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other forces.  This conformability can be a problem in some applications where the SMP 

nanocomposite is a load bearing component.  It should thus be emphasized in the design 

of that particular component that at high temperatures it will not bear high loads.  This 

may be a challenge in the design process, but with these thermal, mechanical, and 

magnetic relationships, there are a number of affects that can allow for novel and 

functional designs for the SMP nanocomposite.   

The first of these affects is the recoverability and fixity of the SMP nanocomposite, 

which illustrates its shape memory capability.  The maintaining of the shape memory 

capability for the SMP nanocomposite is important in the application of the material for 

which it can replace similar smart material components, particularly SMPs that are 

primarily heat activated.  With a multi-trigger actuation and shape memory capability as 

with the SMP nanocomposite, a specialized functioning scenario can be envisioned for 

the SMP nanocomposite.  Upon heating, the polymer can be deformed by either 

mechanical (the only means for SMPs) or magnetic means.  Mechanical means would be 

accomplished by mechanically taking the SMP nanocomposite and deforming to the 

desired shape.  This would require direct access to the SMP nanocomposite to hold and 

shape.  Magnetic means would be more useful where direct access is not available.  The 

SMP nanocomposite could be held and shaped by magnetic fields to the desired effect.  

This would not require direct access to the SMP nanocomposite and would be limited by 

the strength of the magnetic field and its proximal relation to the SMP nanocomposite.  

Examples where the magnetic method would be desirable could be in the biomedical 

field, where such devices as SMP stents could be positioned and controlled inside the 

body with a magnetic field [13], or in actively releasable fasteners, where direct access to 
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the fastener is blocked by components of a product [9 91].  With such means in either 

heating for recovery or training of the SMP nanocomposite and in the deformation of the 

SMP nanocomposite a greater flexibility in design and thus application is available. 

Similarly, the SMP nanocomposite would create heating and controllable deformation 

solutions for traditionally difficult situations where direct access to the nanocomposite is 

not allowed. Considering first heating for shape training and recovery, the SMP 

nanocomposite has two avenues for heating-external or internal heating.  External heating 

would be by more traditional means through basic heat transfer from a heating body to 

the SMP nanocomposite.  Internal heating would be more specific towards the capability 

of the SMP nanocomposite.  Since the magnetite filler of the SMP nanocomposite is 

conductive through either electrical or magnetic means then basic electrical or magnetic 

induction can be used that would internally cause movement and strain relaxation of the 

particles within the polymer matrix to heat the SMPU from within [13 43 55 77].  

4.5 Conclusions 

The developed SMP nanocomposites show the ability to be affected by multi-triggers.  

The SMP nanocomposite is sensitive to a thermal and magnetic field.  Thermal changes, 

particularly a rise in temperature above the transition temperature of the SMP 

nanocomposite, drastically change the mechanical properties of the SMP nanocomposite 

by reducing the modulus of elasticity and tensile strength.  Accordingly, the mechanism 

for the shape deformation of the SMP nanocomposite is while being held above the 

transition temperature the application of a magnetic field.  The magnetic field reacts with 

the nanomagnetite filler and causes the deformation of the SMP nanocomposite.  Shape 

fixity of the SMP nanocomposite in its deformed shape is seen by cooling of the sample 
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below the transition temperature and removal of the magnetic field.  Shape recovery is 

then with the unconstrained reheating of the SMP nanocomposite above the transition 

temperature.  This mechanism provides a novel approach for the deformation of the SMP 

nanocomposites per the application of two fields in comparison to past research which 

has focused on a single thermal trigger and mechanical processing for shape deformation.   

With such a material, a number of avenues are opened for shape memory applications 

and research, particularly in applications where mechanical contact of the shape training 

process is not possible.  Furthermore, the relation between the thermal and magnetic 

fields of the SMP nanocomposite at ambient temperatures and magnetic fields and at high 

temperatures and magnetic fields has been presented.  With such a foundation, further 

work can be made in the sensitivity of this material at various temperatures and magnetic 

fields.  Such sensitivity studies can further the novel shape memory application the 

multiple field affects allowing for a more robust shape memory mechanism particularly 

where applications call for the SMP nanocomposite to stay in a configuration at elevated 

temperatures. 
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CHAPTER V 

CONSTITUTIVE MODELING OF A MULTI-TRIGGER SHAPE MEMORY POLYMER 

COMPOSITE 

ABSTRACT 

This paper will discuss a constitutive model developed for a new multi-trigger shape 

memory polymer nanocomposite.  This is novel in regards to previous research, which 

has only focused on single field effects to shape memory material.  The basis of the 

model will be built on previous phase transitions models that denote the key mechanical 

effects to a shape memory polymer nanocomposite upon the application of a heat field 

and that of mechanical effects to magnetoactive elastomers upon the application of a 

magnetic field.  A basic example of the developed model will be presented. 

5.1 Introduction 

Constitutive modeling is the modeling of complex systems, particularly material 

systems, that have variable responses to loadings [92].  For smart materials, which exhibit 

drastically different mechanical properties at certain transition states, constitutive 

modeling is needed to mathematically describe and simulate their behavior.  This would 

be especially true for shape memory polymers (SMPs) and magnetoactive elastomer 

composites (MAEs) that exhibit different mechanical properties at high temperatures for 

SMPs and with applied magnetic fields for MAEs.  As such, constitutive models do exist 

for these materials and take into account the thermal or magnetic effects have on the 

particular smart materials. In combination of both material concepts, a new SMP 

nanocomposite has been developed for this study that reacts to both thermal and magnetic 

fields.  A produced SMP nanocomposite provides an interesting alternative to current 
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SMPs with the ability to be triggered by both a thermal and magnetic field. This research 

will thus analyze and build a new constitutive model that would analyze the various states 

of mechanical behavior in the presence of both heat and magnetic fields for the SMP 

nanocomposite. 

5.2 Shape Memory Polymer Nanocomposite Behavior 

A commercially available shape memory polyurethane (Diaplex MS5520) was filled 

with varying proportions of magnetite (Alfa Aesar) nanoparticles and tested by derived 

thermo-magnetic-mechanical methods, thermomechanical methods, and shape memory 

methods. Processing and testing provided results of an ability of the SMP nanocomposite 

to be controlled in shape deformation and recovery with both thermal and magnetic 

triggers.   

5.2.1 Thermomechanical Behavior 

The SMP nanocomposite is based on the SMP polymer matrix.  SMPs have the 

ability to hold and recover temporary deformations upon application of a heat field [37 

68].  The basis of this ability is made through the copolymers of the matrix.  The 

copolymers are mismatched according to their transition temperature.  The “hard” 

segment cross-links of the matrix are created by the copolymer with the higher transition 

temperature and the “switching” segments are the copolymer with the lower transition 

temperature.  The shape memory ability of the SMP is developed through these segments.  

In the SMP, the “hard” segments cross-links will set and remember the permanent shape 

of the SMP and the “switching” segments will enable the SMP to be deformed and hold 

deformations in and out of the transition state.  This relationship between these “hard” 

segment cross-links and “switching” segments is illustrated in the thermomechanical 
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cycle seen in Figure 5.1.  From Figure 5.1, State A shows the SMP heated above the 

transition state.  Above the transition temperature, the switching segments are in a state of 

hyperelasticity, and the hard segment cross-links hold the polymer in its permanent 

shape.  Because the switching segments are hyperelastic, the SMP is in a rubbery state 

allowing for easy deformation, seen from State B.  In State B, the deformations set the 

SMP into the desired secondary shape and based on the drastically reduced mechanical 

properties (i.e. tensile strength, elastic modulus, etc.) the needed deformation stress is 

minimal.  Cooling the polymer under constraint, as seen in State C, will allow those 

switching segments to “turn on” or return to a rigid state.  These switching segments 

would then hold the deformation and place the SMP is in its glassy state, as seen in State 

D.  Reheating the SMP would then return the switching segments to a hyperelastic state 

and allow the hard segment cross-links to return to their position thus returning the SMP 

back to its permanent shape, seen in State A  [69-71]. 
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Figure 5.1: Illustration of shape memroy in SMP network-adapted from Behl and Lendlein 

[71] 

The addition of the nanofiller to the SMP matrix does not hinder this shape memory 

behavior for the SMP nanocomposite and the same hyperelastic behavior is seen when 

the SMP nanocomposite is above it transition.  Above the transition temperature, the 

hyperelastic behavior of the SMP nanocomposite above the transition is essential for the 

multi-trigger actuation and the special magnetically controlled deformations seen in its 

thermo-mechanical-magnetic behavior. 

5.2.2 Thermo-mechanical-magnetic Behavior 

Thermo-mechanical-magnetic behavior of the SMP nanocomposite shows 

magnetically induced and controlled deformations when the SMP nanocomposite is 

above transition temperature.  As previously mentioned the drastic change mechanical 
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property from normal behavior to hyperelastic behavior enables the deformation of the 

SMP nanocomposite by a magnetic field. This shows the need for two field for shape 

control of the SMP nanocomposite making it a multi-trigger smart material (see Figure 

5.2). 

 

Figure 5.2: Comparison of magnetic affects to thermomechanical properties: a) testing 

performed below transition temperature, b) testing performed above transition 

temperature. 

Figure 5.3 and Figure 5.4 show the quantitative difference of the effect the applied 

magnetic field has on the SMP nanocomposite below and above the transition 

temperature.  From     Figure 5, it is seen that small deflections are possible when the 

SMP nanocomposite is below the transition temperatures.  These deflections are due to 

the strength and proximity of the magnet to the generally stiff sample.  The stiffness of 

the sample is drastically decreased when above the transition, which allows for larger 

deflections of the sample. 
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Figure 5.3: Results of magnetic field testing below transition temperature (d is the distance 

of the magnet to the SMP nanocomposite beam and Fb is the bending force) 

The filler content of the SMP nanocomposites show a relation where the deflection 

increases at a given interval with an increase in filler content.  This is evident in both 

cases above and below the transition temperature.  The strength of the magnetic field 

induces these resulting deflections (i.e. increasing with increase in filler content) even 

with the increase in mechanical properties (i.e. modulus and stiffness) seen in thermo-

mechanical testing. 
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Figure 5.4: Results of magnetic field testing above transition temperature (d is the distance 

of the magnet to the SMP nanocomposite beam and Fb is the bending force) 

5.2.3 Shape Memory Testing 

Preliminary shape memory testing of the polymer showed minimal changes in both 

shape fixity and shape recovery with the magnetite filler.  In regards to shape fixity, 

minimal decreases in shape fixity was seen with increases in filler content.  These same 

decreases were seen in the shape recovery a minimal loss in fixity and shape recovery. 

This effect to shape recovery is dependent on the percent of the nanofiller within the 

SMP matrix because increase filler would call for increase work by the hard segments to 

move particles thus limiting shape recovery [36 38 42].  This same interfacial interaction 

will also affect the shape fixity.  With the filler, the volume ratio of hard segments to 

switching segments can be effectively reduced with filler material.  The relation between 

these segments and their active or frozen phase effectively control the fixity of the SMP 
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nanocomposite. With filler content, the movement and deformation due to thermal 

expansion of the nanoparticles must be held in place by the switching segments.  

Depending on the percent of the filler content, the switching segments may not 

effectively hold the SMP nanocomposite in its temporary position, decreasing the shape 

fixity of SMP nanocomposite compared to the pure SMP [4]. 

5.3 Modeling 

The general approach for 3D modeling of SMPs has been through constitutive 

modeling based on storage deformation [93-94], phase transition [83 95], and 

viscoelasticity [4].  The applicability of the viscoelasticity constitutive models is 

questionable for this work per the change in architecture of the polymer with addition of 

magnetic particles and will thus be ignored.  Storage deformation models and phase 

transition models, however, provide the needed flexibility for proper modeling of the 

multi-trigger composite.  There are strong similarities between the two methods, as 

storage deformations essentially account for two phases of the SMP transition: an active 

and frozen or storage phase.  Phase transitions essentially build upon this by detailing 

more phases including an initial frozen phase, a deformed frozen phase, and an active 

phase.   

With such similarities it is prudent to consider both for modeling as the storage 

deformation methodology builds upon the phase transition methodology.  As an added 

effect, the existing SMP models will need to be compounded upon with an additional 

phase for the SMP nanocomposite in its magnetoactive state.  In consideration of this 

state models developed for magnetoactive elastomers MAEs were consulted.  MAEs are 

hyperelastic materials filled with magnetic particles.  Upon application of a magnetic 
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field, the mechanical properties change within the MAE to allow for controlled 

deformations.  This would be very similar to the SMP nanocomposite, which has exhibits 

a magnetically controlled deformation when heated above its transition temperature and 

placed in a magnetic field.  The subsequent sections will establish the unique phases for 

the multi-trigger SMP nanocomposite and consider the constitutive model for the SMP 

nanocomposite. 

5.3.1 Multi-trigger Phases 

Based on the knowledge gained from the constitutive models for SMPs and MAEs, an 

all inclusive model will be developed that will show the relation for heat and magnetic 

SME actuation.  This model will be developed on the phase transition methodology. The 

developed model will follow considerations similar to those for SMPs but will include 

additional active phases where possible magnetic actuation is seen.  The following phases 

will be: 

1. Thermal active phase (AP): Seen when the SMP nanocomposite is above Ttrans 

and the transition magnetic field is absent.  This field would indicate the 

change in material properties for the SMP nanocomposite at elevated 

temperatures.  As with the volume fraction modeling, the volume fraction for 

the SMP nanocomposite will be denoted by    , 

2. Magnetic active phase (MAP): Seen when the SMP nanocomposite is above 

Ttrans and the transition magnetic field is present.  This phase would show the 

necessary actuation of the SME per the two fields.  The volume fraction for 

the SMP nanocomposite in this phase will be denoted by    , and 
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3. Frozen deformed phase (FDP):  Seen following deformation and cooling of 

the SMP nanocomposite, as with the previous model.  The volume fraction of 

the FDP,   , and becomes predominant when fully cooled. 

4. Initial frozen phase (IFP): As with the previous model will be the initial 

configuration of the SMP upon processing.  This phase is predominant 

following heat activated shape recovery and cooling.  It’s volume fraction is 

denoted,    . 

Similar to the frozen volume fraction, which is shared by the FDP and IFP, the active 

phases will also share volume fraction.  Understanding the volume fractions for each 

phase is necessary to develop the necessary mechanical properties at a particular set of 

conditions.  Of particular importance is the intended use of the magnetic field for 

magnetorhelogical or magnetic deformation.  The ability to which the phase relationships 

can be changed and thus the material properties of the SMP nanocomposite will make 

this model useful for either case of magnetic effect.   

5.3.2 Multi-trigger Models 

For the SMP nanocomposite, the basis of the model will be on phase transition model 

developed by Qi et al. [83] and will be the focus for the AP, FDP, and IFP phases in the 

model.  As a means to consider the MAP phase, the MAE models developed by 

Dorfmann and Ogden [88] will also be discussed. 

Based on these phases, the basic equation for total stress becomes 
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where    ,    ,   , and     denote the stress within the AP, FDP, IFP, and MAP 

respectively.  Volume fractions for the given phases are dependent on the temperature,  .  

As such, the heat transfer capability of the SMP nanocomposite must be considered.  

Accordingly, the temperature of the SMP nanocomposite can be modeled according to 

the heat transfer by using Fourier’s law.  A simple model for the heat transfer between 

the heating body and the part can be calculated by determining 

      
         
     

 
 

where   is a time constant for the part,    is the initial temperature of the part,    is the 

temperature of the heating body,   time to heat the part to its transition temperature 

(      ).  The time constant   will thus be dependent on the heat transfer coefficient 

between the part and the heating body via 

  
   

   
 

 

where   is the density of the part,   is the specific heat capacity of the part,   is volume 

of the part,    is the heat transfer coefficient between the part and the heating body, and   

is the heating area of the part [96]. 

There are two phases that occur above the transition temperature AP and MAP.  

Because of this,     and     are considered dependent on each other.  The general phase 

for is defined as 

    
 

        
    
  

 

 

where    is the reference temperature close to        and   is the parameter that 

characterizes the transition zone.  Considering the purely thermal effects of the AP phase, 
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the MAP is dependent on this phase when in the presence of the magnetic field.  

Therefore, the AP and MAP phases are inversely proportional.  When the SMP 

nanocomposite is in the presence of a magnetic field       and      .  Conversely 

when above the transition temperature and in the absence of a magnetic field       

and      . 

Taking the volume fraction of the active phase (both thermally active and 

magnetically active) and subtracting it from one will give the volume fraction of the 

frozen phase.  Since the frozen phase is then determined by the relationship between FDP 

and IDP, it becomes necessary to distinguish what frozen phase the SMP nanocomposite 

is in at a given time,  . At initial conditions, where the SMP is in its permanent shape and 

below       , the volume fraction follows 

                        
 

Upon thermal loading, deformation and cooling this frozen phase will create a change 

in the frozen configuration from the initial rigid configuration to deformed rigid 

configuration.  Likewise, upon thermal loading and shape recovery the frozen 

configuration will show the same change from the deformed rigid configuration to the 

initial rigid configuration.  This change in the frozen volume is thus denoted by,    .  

Accordingly 

                                  

     
   

      
         

  
      

     
 

where      is the volume fraction from the IFP and     is the volume fraction from the 

FDP. 
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With the volume fractions for the SMP nanocomposite set, the next step is to 

understand the stress at the given phases.  Starting with the AP, the SMP nanocomposite 

acts as a hyperelastic rubber thus a hyperelastic model suits this behavior.  To model this 

Qi et al. [83] uses the Arruda-Boyce eight chain model defining the AP stress tensor as 

    
  
  

  

      
    

      

   
                         

 

where    is the initial shear modulus,    is the number of “rigid links” or hard segments, 

  is the bulk modulus,    is the thermal expansion coefficient at temperatures above 

      , and    is the initial temperature.  The first term in this stress tensor is the 

isochoric response of the material.     is the isochoric left Cauchy-Green tensor,          

and                     are the deviatoric parts of   .               is stretch on each 

chain in the network, and           is the first invariant of   .   is the Lanegevin 

function,            
 

 
. 

The total deformation gradient,  , is used to show the deformation in the IFP.  The 

behavior the SMP nanocomposite in the IFP at low temperatures is viscoplastic.  This 

viscoplastic behavior for the SMP nanocomposite can be decomposed to an equilibrium 

time-independent behavior and a non-equilibrium time-dependent behavior leading to  

       
     

  
  

Note: This same approach with IFP is used for the DFP, but using    

Similarly, the equilibrium response of the SMP nanocomposite can be model per the 

Arruda-Boyce eight chain with changed material property values. 
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The non-equilibrium response or elastic response is determined by the decomposition 

of the total deformation gradient into elastic and viscoplastic contributions,         

where    is the relaxed configuration obtained by elastically unloading,   .  This leads to 

the viscoplastic deformation as 

   
  

 
 

  
                           

 

where           ,        ,        , and    is the fourth order isotropic 

elasticity tensor.   

               

where    and    are Lame’s constants,   is the fourth-order tensor, and   is the second-

order identity tensor.     is determined by the decomposition of the spatial velocity 

gradient  

                 

where    and    are the rate of the stretching and the spin, respectively.  Assuming 

     does not lose generality in the isotropic case,    becomes the variable of 

interest.  Thus,  

   
   

    
      

 

where       is the stress acting on the viscoelastic plastic component convected to its 

relaxed configuration (            
 ).    denotes the equivalent shear stress that drives 

the viscous flow and is determined by  
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    is the viscoplastic shear strain rate defined by 

             
  

  
    

  

 
    

 

where     is the preexponential factor,    is the zero stress level activation energy, and   

is the athermal shear strength. 

The distinguishing point for the model is in the separation of the frozen phase for the 

SMP nanocomposite.  The IFP is the “as produced” configuration while the DFP is the 

held deformation from active phase following cooling.  The DFP is treated as a separate 

phase in which the deformation is redistributed at given temperature intervals. Therefore, 

the DFP is governed by an incremental deformation gradient 

     
                  
                  

  
 

This incremental deformation gradient is a point reference in that it is only applicable 

at a certain temperature.  By taking the full temperature range and heating rate, the total 

deformation gradient acting on the DFP can be determined by 

         
 

  

 
 

where    is the time when thermal loading starts and   is the time thermal loading 

concludes.  

For the MAP phase MAEs models are a point of reference.  These models will build 

the magnetic control for the shape memory effect of the developed multi-trigger SMP 

nanocomposite. Typically, constitutive models for MAEs can be categorized by magnetic 

particles movement [64 84], magnetorhelogical effects [61 66 85-87], and magnetically 
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controlled deformation [88-90].  The model that is necessary for this research will be one 

that accounts for the magnetically controlled deformation and magnetically induced 

change in material properties.  Magnetorhelogical effect models and magnetically 

controlled deformation models fit these two needs as their focus is on the deformation of 

the MAE, but incorporated within these models is the assumptive effects on the of 

material properties.  It will thus be these models that are the focus of this research.  For 

this purpose, the deformation models developed in Dorfmann and Ogden [88]  

magnetorhelogical model developed in Varga et al. [66] will be explained.  Dorfmann 

and Ogden [88] has been a starting point for model development by Bustamante [89-90] 

and provides a clear overview of the deformation model for a MAE. 

The deformation model MAP for the SMP nanocomposite is dependent on the 

material properties of the SMP nanocomposite and the effecting magnetic field.  This 

relationship is thus a focus for magnetically driven deformation models.  The first 

consideration in the model is on the elastic property of the SMP nanocomposite, which is 

exhibited by a common Cauchy stress tensor 

               
  

 

where:       is the isochoric left Cauchy-Green tensor, and   ,   , and    are 

functions of the principal invariants defined by 
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Based on the Cauchy stress tensor, the constitutive relation for magnetic field 

deformation can be accounted for by 

               
                     

     
            

 

where:   ,          , are functions of the temperature,  , principle invariants,      , 

     ,      , and the magnetic flux     ,        ,         .  The magnetic flux,  ,  

is defined by Maxwell’s equations 

        
 

where    is the magnetic permeability and   is the magnetic polarization density. 

5.4 Validation 

As a means to validate the derived constitutive model for this research a simple 

bending test was simulated using LS-Dyna FEA software.  As part of this validation, the 

simulation included the loading of the SMP nanocomposite (15 wt.% magnetite) at        

and shape recovery of the SMP nanocomposite.  In mechanical and magnetic loading of 

the SMP nanocomposite, the SMP nanocomposite is in the AP and MAP phases.  While 

in these phases an Arruda-Boyce Rubber model is used per the constitutive model above.  

Mechanical properties and values for this Arruda-Boyce Rubber were derived from 

mechanical testing of the SMP nanocomposite.   

Cooling from these active phases while constrained would place the SMP 

nanocomposite in the FDP, while in this phase the shape fixity of the SMP 

nanocomposite is assumed to be 100%.  This assumption is based on the good shape 

fixity performance of the SMP nanocomposite [97], where testing results showed high 
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fixity (~95-97%).  Likewise for shape memory recovery is assumed to be 100% with 

testing results for the SMP nanocomposite showing approximately 99% recovery for the 

SMP nanocomposite.   

In the shape memory recovery of the SMP nanocomposite the transition from the IFP 

to AP phase is seen.  According to the constitutive model, an Elastic-Viscoplastic 

Thermal material model was thus used to simulate shape recovery.  This material model 

allows for input of thermally dependent properties of the SMP nanocomposite, such as 

Elastic Modulus, Poisson’s Ratio, and Yield Stress.  For each of these properties, the 

temperature-property curve was input into LS-Dyna for simulation.  Accordingly, the 

Elastic-Viscoplastic Thermal material of LS-Dyna does not allow for stress-free recovery 

as would be the case in the shape memory behavior.  As such, a prescribed motion 

boundary was placed on the SMP nanocomposite per the above thermomechanical model.  

While this method for shape recovery would not be as elegant as an user defined 

subroutine (UMAT) (See [95 98-99]), the material models and related boundary 

conditions (i.e. thermal conditions, mechanical conditions, and prescribed motions) 

provide the needed relationships for thermomechanical and magnetic behavior for the 

loading and shape recovery of the SMP nanocomposite.   

Based on the material models used for simulation, the following materials parameters 

were used in the simulations: 
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Table 5.1: Material Parameters used in simulation 

Phase Material Parameter Value 

Thermal Components. Heat Capacity 

Thermal Conductivity 

570.91 

0.54 

Active Phase 

Arruda-Boyce Rubber 

Component 

Mass Density 

Bulk Modulus 

Shear Modulus 

Statistical Links 

1,394 

1,961,813 

3,910,459 

17 

Shape Memory Recovery 

Elastic-Viscoplastic 

Component 

Mass Density 

Modulus (Room) 

Modulus (Transition) 

Poisson Ratio 

1,394 

252,630,000 

11,653,000 

.35 

5.4.1 Shape Memory Magnetically Induced Bend Testing 

Similarly to the shape memory tensile testing a shape memory bend analysis has also 

been performed (see Figure 5.5).  This bending is based on the magnetically controlled 

deformation of the SMP nanocomposite.  For the model, the SMP nanocomposite is bent 

above        (55°C according to manufacturer [82], as per magnetically controlled 

deformation, held at this deformation and cooled below transition, released on magnetic 

constraint, and recovered per heating above       .  The same transition temperature and 

transition zone is assumed as per the shape memory tensile test.  The magnetic load from 

testing was generalized into a mechanical load based on the magnet’s strength per its 

distance to the SMP nanocomposite. 
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Figure 5.5: Comparison of tested results and simulations results for magnetically controlled 

deformation. a) actual tested results and b) simulation results 

The bending load of the SMP nanocomposite correlates to a mechanical load on the 

tip of the SMP nanocomposite beam which is dependent on the beam’s proximity to the 

magnet.  This load is simulated in LS-Dyna based on the general force calculation for the 

magnetic setup:  

        

where     is the induced magnetic force,   is the magnetic flux density at the free end of 

the sample, and   is the coefficient dependent on the effective sample area and the 

permeability of the air.  This magnetic force equal to the force at the end of the beam, and 

by using classical beam theory, the end force of the beam samples is 

   
    

  
 

 

where    is the end force,   is the elastic modulus,   is the second cross sectional 

moment,   is the corresponding deflection, and   is the free length of the beam sample.  

These two equations correlate the magnet properties of the magnet and magnetite 

particles to the mechanical properties of the SMP nanocomposite.  Further, they correlate 



           Texas Tech University, John Carrell, May 2012 

95 

the magnet’s strength with respect to its distance to the SMP nanocomposite sample, 

which increases in both its magnetic flux and effective area with a decrease in distance to 

the sample.  These relation were established in the simulation through the boundary 

conditions and mechanical loads of the SMP nanocomposite sample and the motion of 

the magnet. 

The results of the simulation for loading (see Figure 5.5) appear to be close to the 

actual case in magnetically controlled bending of the SMP nanocomposite.  This shows 

the selected Arruda-Boyce material model with the given material parameters closely 

models the actual performance of the SMP Nanocomposite.  Further performance in 

loading is seen in Figure 5.6 by curve 1, which relates the bending stress of the SMP 

nanocomposite to the loading simulation results. 

 

Figure 5.6: Comparison of Thermomechanical behavior of SMP Nanocomposite based on 

magnetically controlled deformation and shape with simulation results. 1) Magnetically 

controlled bending of sample above transition temperature, 2 to 3) end of magnetic bending 
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followed by cooling under constraint, 3-4) sample freed from constraint leaving sample in 

free-stress state, 4 to 5) shape recovery of sample based on applied thermal field 

For shape recovery, the SMP nanocomposite is unconstrained and heated above its 

transition till recovery.  In LS Dyna, the recovery is simulated through a prescribed 

motion boundary condition that is dependent on the temperature of the SMP 

nanocomposite beam.  As such, the recovery of the bend is seen of a range of 50-59°C 

(See Figure 5.6).  The shape recovery of the SMP nanocomposite is strain based per the 

deactivation of the switching segments and the negligible internal force of the hard 

 

Figure 5.7: Simulation results of the shape recovery of the SMP nanocomposite beam.  

Recovery is dependent on temperature and the transition range (50-59°C) 
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segment crosslinks.  Because of the strain based recovery, the shape memory recovery of 

the SMP nanocomposite is assumed to be stress free [81].  Further, the stresses of the 

prescribed motion for recovery in the simulation are ignored.  The simulated recovery is 

relatively close to the actual case for which the temperature based recovery is based on 

the constitutive model. 

5.5 Conclusion 

The above constitutive model considers four distinct phases for a specially formulated 

SMP nanocomposite.  This SMP nanocomposite exhibits drastic shape change capability 

when placed at extreme conditions for these two fields (i.e. above 60°C and a high 

magnetic field).  Upon release of the magnetic field the material will return to its original 

shape.  Upon release of the thermal field the material will be frozen in this original shape 

or if held by a magnetic field in that shape.  The resulting constitutive model illustrates 

this mechanism by considering the particular phases of the material as derived from the 

special properties of the SMP nanocomposite at high temperatures and with strong 

magnetic fields.  The constitutive model is used with LS Dyna finite element simulation 

software to analyze the magnetically controlled deformation of the SMP nanocomposite 

and the thermally controlled shape recovery of the SMP nanocomposite.  The use of this 

constitutive model is based on selection of material models and boundary conditions 

within the LS Dyna simulations.  The results of these simulations reflect closely the 

actual test results of the SMP nanocomposite. 

As a successful model and simulation process, the overall effect of these models can 

be used in the mechanical design of innovative elements where multiple field effects may 

be useful.  Such fields as the biomedical and aerospace field for instance could greatly 
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benefit.  These field have adverse environmental fields, particularly with temperature, 

that could trigger and cause shape change in the smart elements.  By incorporating a 

multi-trigger SMP nanocomposite, this accidental triggering could be avoided by needing 

the combination of both thermal and magnetic fields for actuation.  The developed 

models can thus provide a means for design analysis of these elements.  Furthermore, the 

developed models can allow for formulation of other multi-trigger elements that could 

not be developed without a significant financial investment. 
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CHAPTER VI 

INVESTIGATION OF A MULTI-TRIGGER ACTIVE DISASSEMBLY ELEMENT 

Note:  This chapter has been provisionally accepted for publication in the CIRP Annals.  

Publications for the CIRP Annals are limited to four pages.  As such, additional sections 

are added here following the conclusion section of this chapter 

ABSTRACT 

An active disassembly (AD) shape memory polymer nanocomposite (SMP 

nanocomposite) fastener that is released by application of a thermal and magnetic field 

has been developed. Provided is key data on the behavior of the fastener at specific 

temperature ranges and magnetic field strengths for exhibiting proper levels for 

disassembly.  Furthermore, a comparison of this fastener to a previous shape memory 

polymer (SMP) fastener shows differences in the thermal shape memory ability of the 

SMP fastener and the thermal-magnetic ability of the SMP nanocomposite fastener.  The 

SMP nanocomposite fastener is an option for disassembly and exhibits added control 

parameters to single trigger AD fasteners. 

6.1 Introduction 

Product disassembly has not been a popular end-of-life (EoL) activity due mainly to 

the high cost of disassembly operations, industrial and governmental initiatives have, 

however, motivated manufacturers to overcome these cost disadvantages and 

disassemble. In doing so, research has focused on ways to make disassembly more 

economically viable to reduce the economic burden on manufacturers.  Of this research, 

active disassembly (AD) has become a popular method.  AD uses the special shape 

recovery properties of smart materials in simply designed fasteners to create a 
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disassembly or release action upon actuation by a heat-field.  For example, a shape 

memory polymer (SMP) snap-fit can replace regular snap-fits and the product can be 

heated above a transition temperature (Tg) for the SMP and go through an active release 

(see Figure 6.1).  This would relieve the need for manual or machine labor to disassemble 

products one product at a time and would allow for batching of many products fit with 

these fasteners within a 

 

Figure 6.1: State diagram of actively releasable SMP snap-fit.  Snap-fit in use state, snap-fit 

heated to transition temperature for release, and housing removal 

heating element for multiple processing.  There are however a few drawbacks.  The first 

being the single trigger mechanism that could allow for accidental disassembly of the 

product by an ambient heat field.  The single trigger also limits the control of the 

disassembly process by how the heat is applied, the amount of heat applied, and the time 

it is applied. Based on these challenges, this research will show a possible solution 

through a novel multi-trigger shape memory polymer nanocomposite (SMP 

nanocomposite).  The focus of this research will establish the SMP nanocomposite as a 

candidate for an AD multi-trigger element.   

The following objectives will thus be pursued: 
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 Determine the special transition state of the SMP nanocomposite.  The SMP 

nanocomposite exhibits sensitivities to both thermal and magnetic heat fields 

and both fields will be required for shape change.  By establishing the given 

levels for this transition state a proper comparison by thermomechanical and 

magnetic means can be made to the previously studied SMP nanocomposite   

 Determine the AD benefit of the SMP nanocomposite over previous SMP.  

The transition state of the SMP nanocomposite provides a slightly more 

complicated disassembly scenario, but with developed parameters, such as a 

lowered transition temperature and increased thermal conductivity, the SMP 

nanocomposite can provide a faster time for element release 

In accordance with these research objectives, this paper will provide the detailed 

background of the previous SMP snap-fit study and the manufacture and testing 

procedures for the SMP nanocomposite and previous SMP.  Further, the paper will 

discuss the future of AD in accordance with the future of smart materials and their 

viability in future designs and applications. 

6.2 Background 

In an effort to reduce this design work and increase flexibility, AD relies on generic 

fastening elements that also react to a disassembly field, which can be easily incorporated 

into existing designs with little to no added effort. This general application of such 

elements has created the flexible and efficient disassembly processes needed to make 

disassembly a more economically viable EoL activity [100]. Most studies with AD have 

been through conceptual means [101-103]. While such studies provide key ideas in the 

development of AD, only a few studies have actually designed, manufactured, and tested 
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AD elements. AD studies involving SMPs have been examples of this kind of work. 

SMPs are heat activated, and the shape recovery mechanism is strain based making SMP 

elements well suited as releasable fasteners. The first study using SMP elements was seen 

in Chiodo et al. [104], where a SMP compression sleeve was designed and implemented 

to release an assembly bolt. The continued study with SMPs was seen with the design of 

SMP mechanical property loss (MPL) screws. The SMP MPL screws function as regular 

screws during assembly and use, but at disassembly, when heated, will lose their 

threading and release from the product. Incorporation of these screws has been done in a 

number of AD studies for electronic products [17]. Beyond SMP compression sleeves 

and SMP MPL screws, there have been original designs for product assemblies that 

incorporate SMP elements without retrofitting, such as an LCD bracket that will release 

upon a thermal trigger [105]. 

While AD has become a major point of interest for efficient and flexible product 

disassembly, there are only a few designs of AD elements that have actually been 

designed, manufactured, and tested [19 105-109]. Of these elements, all are based on 

single trigger activation. The possibility of accidental disassembly is high with a single 

trigger and is a major reason AD has not been adopted by industry [5-6 110]. To make 

AD a more viable option for industry, it is the intent of this research to exhibit a multi-

trigger SMP nanocomposite element that will limit accidental disassembly and improve 

disassembly efficiency. 



           Texas Tech University, John Carrell, May 2012 

103 

 

Figure 6.2: Disassembly Process  a) assembled housing with latched snap-fits, b) enclosed 

housing after heating to transition temperature, b) separation of housings [91]  

The previous research performed in this background section is detailed in Carrell et 

al. [91] and is essential in establishing a baseline in performance for the experiments and 

analysis made with the SMP nanocomposite.  The basis of this previous research was to 

produce and test a heat releasable snap-fit.  The remainder of this section will briefly 

discuss the experiment performed and results. 

Heat releasable snap-fits were machined from a sheet of shape memory polymer 

(SMP)-Veriflex E2 Shape Memory Epoxy. A training process used mechanical and 

thermal fields to straighten the snap-fit for regular assembly and use. The straightened 

snap-fit was then assembled in a housing and heated. Upon heating to the SMPs 

transition temperature, the snap-fits returned to the release position allowing disassembly 

of the housing (see Figure 6.2). 

The results from this research illustrate the feasibility of AD with the releasable snap-

fits because of the limited operator or machine interference for disassembly, the 

generality of the design that promotes use in a variety of products, and preservation of the 

product integrity given proper design and application of the product. These results can 

thus provide a batching processing for products fit with such fasteners, where with a 
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single thermal trigger could all be disassembled at once.  This in turn would provide a 

more efficient disassembly process than one product at-a-time manual processing [91].  

While this provides an example of the validity of AD as disassembly option, there are 

some concerns with the research, more specifically with the single thermal trigger. In 

previous research, the possibility of accidental disassembly of the snap-fit was lowered 

by choosing an SMP with a high transition temperature (105°C). While this made it 

difficult for ambient or elevated temperatures to accidentally trigger the snap-fit, such a 

high transition temperature required a long heating cycle for disassembly, which lowered 

the efficiency of the disassembly process. The high transition temperature could also 

harm the housing or its components if special considerations were not made during 

design. This would especially be true for electronic products that are limited to 50-60°C 

in their operation or storage temperature. Finally, the single thermal trigger does not offer 

many control parameters for process optimization. Many different heating methods exist, 

which can be controlled in the AD process, but each has their own positive and negatives 

when compared to basic air heating. Microwave heating can possibly damage the 

product, laser heating is localized and further work in design of the process would have to 

made, and immersion heating will increase the heat transfer but added work will be 

needed to clean or degrease the product following disassembly. 

6.3 Experiment 

A commercially available shape memory polyurethane (SMPU), Diaplex MS5510, 

along with magnetite nanoparticles (NanoArc, Iron(III) Oxide, 20-40 nm APS Powder 

from Alfa Aesar) were used to form the nanocomposite.  In processing the Diaplex resin 

(70 wt.% DMF to 30 wt.% SMPU) was vigorously blended with the desired portion of 
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magnetite nanoparticles (15 wt.%).  The mixture was then poured in a mold treated with 

Frekote 720NC mold release and degassed for 12 hours to remove air bubbles.  For 

removal of DMF, the mold was placed in an oven at 80°C for 48 hours.  The resulting 

sheet of SMP nanocomposite was machined to produce block samples (5 x 1 x 50 mm) 

for testing. 

Thermo-mechanical-magnetic testing was performed with the AGS Tensile Test 

machine fitted with a thermal chamber and designed magnetic setup, where a SMP 

nanocomposite beam was deflected by increasing the distance between it and a strong 

magnet (Grade N42, 50 x 25 x 25 mm, Neodymium Block Magnet, Pull Force 622 N).  

This test was performed with the sample having a free end, which was placed a distance 

from the magnet.  Upon heating, tensile deformation of in the form of bending of the 

sample was recorded.  The length of the samples was set at 30 mm, the distance from the 

magnet and sample was originally set at 18 mm.  The magnet was then gradually brought 

towards the sample until the sample made contact with the magnet. 

Basic shape memory testing was performed in a Shimadzu AGS J Tensile Test 

machine fitted with a thermal chamber (see Figure 6.2).  Column shaped SMP 

nanocomposite samples (40 mm L x 5 mm W x 1 mm T) were tested using the following 

procedure: 

1. SMP nanocomposite sample heated above Ttrans (55°C according to manufacturer) 

and stretched to the maximum strain,   , approximately 25% strain. 

2. SMP nanocomposite samples while constrained in machine were allowed to cool to 

room temperature (~25°C). 
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3. Bottom constraint of SMP nanocomposite sample was removed and resulting strain 

was measured.  Shape fixity of the SMP nanocomposite was determined according to 

this step by: 

   
     

  
 

[ 

4. While unconstrained SMP nanocomposite sample was heated above Ttrans for shape 

recovery and allowed to cool.  Resulting strain was measured.  Shape recovery was 

determined according to this step by: 

   
     

  
 

 

6.4 Results 

 

Figure 6.3: Comparison of magnetic affects to thermomechanical properties: a) testing 

performed below transition temperature, b) testing performed above transition 

temperature. 

The results of testing illustrate the capability of the SMP nanocomposite in shape 

memory and in multiple field effect in regards to thermal and magnetic stimuli (See 

Figure 6.3).  The multi-trigger actuation of the SMP nanocomposite is due to the drastic 

mechanical property change above the transition temperature.  The drastic change seen in 



           Texas Tech University, John Carrell, May 2012 

107 

the reduction of the modulus is key in allowing the magnetite nanoparticles to be more 

easily deformed by the applied magnetic field. The controlled deformation and drastic 

difference in deflection is explained simply by basic beam theory according to the force 

at the free-end of the beam  

   
    

  
 

 

where  is the deflection of the beam,   is the elastic modulus,   is the second cross-

sectional moment, and   is the free length of the beam.  A loss in modulus would result in 

greater deflections assuming the force at the free-end is the same for tests below and 

above transition temperature.  Accordingly, the results of the thermal-mechanical-

magnetic testing are seen in Figures 6.4 and 6.5. 

 

Figure 6.4: Results of magnetic field testing below transition temperature (d is the distance 

of the magnet to the SMP nanocomposite beam and Fb is the bending force) 
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Figure 6.5: Results of magnetic field testing above transition temperature (d is the distance 

of the magnet to the SMP nanocomposite beam and Fb is the bending force) 

The strength of the magnetic field induces these resulting deflections (i.e. decrease in 

d).  The explanation for these results is similar to that of the increased electrical 

conductivity of SMP filled with carbon nanotubes (CNTs). The CNT filler of the 

nanocomposites provides conductive pathways through the SMP matrix.  With an 

increased CNT filler content a increase in the possible pathways for electrify to pass is 

seen and thus an increase in electrically conductivity is seen [30].  Likewise, the 

magnetite filler content provides increased pathways for a magnetic field which can result 

in greater magnetic conductivity of the SMP nanocomposite and thus resulting 

deflections. 

Shape memory testing of the polymer showed minimal changes in both shape fixity 

and shape recovery with the magnetite filler.    In regards to shape fixity, minimal 

decreases in shape fixity was seen with increases in filler content (96.68% to 96.19%).  

These same decreases were seen in the shape recovery a minimal loss in fixity and shape 
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recovery (99.96% to 99.89%). While these effects a very minimal, the effect to shape 

recovery will show a further decrease [36 38 42].   

6.5 Discussion 

 

Figure 6.6: State diagram for SMP nanocomposite multi-trigger snap-fit.  Snap-fit heated 

then magnetic field applied for release.  Assembly removed 

The above results establish the shape memory behavior of the SMP nanocomposite 

and the multiple field sensitivities of the SMP nanocomposite.  This is essential in 

developing a working comparison between a SMP and multi-trigger SMP nanocomposite 

for the application of AD.  In the first instance of this comparison, the SMP 

nanocomposite shows a unique ability to be deformed upon application of both a thermal 

and magnetic field.  This is in direct contrast with SMPs that are primarily heat activated.  

In concerns to the application of AD, a designed SMP nanocomposite snap-fit would 

need both a thermal and magnetic field for release.  With the multiple field actuations for 

release, the SMP nanocomposite does not need to be trained as a SMP would because the 

magnetic field provides the release action instead of the molecular chain realignment per 

shape recovery in SMP.  Without a training process, the SMP nanocomposite snap-fits 

can be cast into their use state and directly implemented into a product assembly unlike 
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an SMP element.  This would be beneficial in design because there is no need to account 

for the original or return configuration of the SMP element.   

SMPs are limited in their recovery strength.  SMPs shape recovery stress is quite low 

(~0.1 MPa to 10 MPa) and are dependent on the permanent cross-links of the SMP that 

maintain the base configuration of the SMP for shape recovery [2-3]. With the added 

magnetic sensitivity, the shape change would be dependent on these same cross-links, but 

also the magnetic particles and applied magnetic field.  Both these variables can be 

readily controlled thus adjusting the recovery strength of the SMP nanocomposite and 

provide cases where the SMP nanocomposite has greater shape recovery stress than 

original SMPs. 

Further, with the magnetic sensitivity of the SMP nanocomposite, an added control 

for the AD process is incorporated with the SMP nanocomposite snap-fit (see Figure 6.6).  

The testing conditions show that even though a relatively low transition temperature SMP 

nanocomposite is used a very large magnetic field is required for actuation per the N42 

grade magnet.  With such a strong magnetic field, it would be safe to assume that with 

current electronic products that generate heat and magnetic fields would not be enough to 

trigger the SMP nanocomposite element. The added sensitivity through the magnetic field 

and its resulting effect on accidental triggering means that a lower transition temperature 

can be used with the SMP nanocomposite over a regular SMP.  As per Carrell et al. [91], 

the studied SMP had a transition temperature of 105°C.  Conversely, the studied SMP 

nanocomposite has a transition temperature of 55°C. Based on these differences in 

transition temperatures, a simple heat transfer equation using Fourier’s law can be used to 
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estimate the heating time for the material to reach it transition temperature.  The heat 

transfer between the heating body and the part can be calculated by determining 

      
         
     

 
 

where   is a time constant for the part,    is the initial temperature of the part,    is the 

temperature of the heating body,   time to heat the part to its transition temperature 

(      ).  The time constant   will thus be dependent on the heat transfer coefficient 

between the part and the heating body via 

  
   

   
 

 

where   is the density of the part,   is the specific heat capacity of the part,   is volume 

of the part,    is the heat transfer coefficient between the part and the heating body, and   

is the heating area of the part [96].   

Considering these equations along with the assumptions constant snap-fit design, 

drastic drop in transition, decrease in  specific heat capacity with filler content [60], a 

decrease in heating time will be seen.  A shorter disassembly times will be seen with the 

SMP nanocomposite assuming the magnetic field is applied directly after reaching 

transition temperature (See Figure 6.7). The AD process then becomes more efficient 

along with being more controllable and less likely to accidentally with multiple field 

application. 



           Texas Tech University, John Carrell, May 2012 

112 

 

Figure 6.7: Possible Plot expressing difference in heating time for high transition 

temperature SMP and low transition temperature SMP nanocomposite 

6.6 Conclusion 

AD is a worthwhile means for making the disassembly process more efficient by 

allowing for batch processing of products and reducing manual labor.  The problem that 

has arisen with AD has been the single filed application for fastener release.  This paper 

presents a novel material that shows multiple field sensitivities and can alleviate such 

problems with control in the AD process and accidental triggering. The SMP 

nanocomposite has a lower transition temperature which reduces disassembly time.  

Because of the unique transition of the SMP nanocomposite, accidental disassembly is 

less likely because both a transition temperature of 55°C must be reached and a strong 

magnetic field must be applied to cause the needed deflection for fastener release and 

disassembly.  While these improvements with the SMP nanocomposite are analyzed, 

future work will include working prototypes of the SMP nanocomposite fasteners.  

Further, increased work in the thermal, mechanical, magnetic, chemical, and electrical 



           Texas Tech University, John Carrell, May 2012 

113 

properties of similar SMP nanocomposite can provide other options for multiple field AD 

scenarios and thus be welcome in future products for efficient and economically viable 

disassembly. 

6.7 Additional Content 

The subsequent sections will further the analysis of this chapter and will provide 

simulation analysis for the application of AD.  The focus of this additional content will be 

on the design and simulation of an SMP and SMP nanocomposite snap-fit.  As part of 

this analysis, the material properties and thermal properties of the tested Diaplex SMP 

and Diaplex SMP nanocomposite will be assumed (with the exception of the transition 

temperature).  For the Diaplex SMP snap-fit, the        of 105°C will instead be 55°C.  

This increase in transition temperature is assumed as a means to reduce the possibility of 

accidental disassembly.  The multi-trigger disassembly mechanism of the SMP 

nanocomposite allows the manufacturer defined 55°C. 

6.7.1 Snap-Fit Design Analysis 

The same snap-fit design was used for the analysis of both the SMP heat-releasable 

fastener and the SMP nanocomposite.  The design of the snap-fit is a basic 40 mm beam 

with a 10 mm long and 2mm high fastening section (See Figure 6.8).  As part of the 

simulation, it is assumed that the 10 mm non-fastening section of the snap-fit is fixed.  

This is done for both cases and is needed to hold the snap-fit within the assembly for 

shape recovery and deformation for release. 
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Figure 6.8:  Snap-Fit Design for LS Dyna Simulation 

6.8 Simulation Considerations 

LS Dyna simulations will consider the processes to reach the disassembly for both the 

SMP and SMP nanocomposite snap-fit.  For the SMP snap-fit, the disassembly state is 

reached when the trained snap-fit is heated from room temperature (25°C) above its 

       (105°C with a ±5°C transition zone).  The SMP snap-fit simulation will thus need 

to consider a training process that would straighten it for assembly along with this 

disassembly process.  In the training process, the snap-fit will be heated above its        

and deformed to a straight assembly state.  The same thermal parameters will be assumed 

in this training process.  In heating for shape recovery and training for the SMP snap-fit, a 

oil bath at 125°C will be used for the simulation.  Similarly for the SMP nanocomposite 

snap-fit an oil bath at 75°C will be used.  Also or the SMP nanocomposite snap-fit, the 

disassembly state will be reached when the snap-fit is heated from room temperature 
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above its        (55°C with a ±5°C transition zone) and a magnetic field is applied for 

mechanical deformation. 

The disassembly state for the SMP snap-fit is dependent solely on the applied thermal 

field.  The same shape recovery approach with the produced simulation models will thus 

be used to show the through a temperature dependent prescribed motion boundary 

condition.  This prescribed motion curve will relate to the time/temperature it takes the 

snap-fit to reach the 2 mm needed for release.  The disassembly state for the SMP 

nanocomposite is dependent on both an applied thermal field and magnetic field.  The 

simulation to reach this disassembly state will thus show the heating of the SMP 

nanocomposite to 60°C (the end of the transition zone) at which point the magnetic field 

will be applied.  Since the design of the SMP nanocomposite is so similar to the tested 

and simulated SMP nanocomposite beam, it is assumed the same magnetically controlled 

deformation will be seen.  The same correlated mechanical load will thus be applied to 

the SMP nanocomposite snap-fit for disassembly.  As with the SMP snap-fit, the time at 

which the SMP nanocomposite reaches the 2 mm needed for release will be the 

disassembly time.   

6.9 Simulation Results 

The disassembly simulation for the SMP nanocomposite is seen in Figure 6.9. The 

results from this simulation correlate a mechanical load to a magnetic force for the SMP 

nanocomposite causing the needed deflection of the SMP nanocomposite snap-fit for 

release at its       .  The time for disassembly is the heat time to transition 

(approximately 6.7 s) and the applied magnetic field (approximately 0.3 s) results in an 

approximate 7 second disassembly time. 
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Figure 6.9:  LS Dyna Simulation Results for SMP Nanocomposite Snap-Fit 

The training process and disassembly process were both simulated for the SMP snap-

fit.  The training process is needed to straighten the snap-fit for assembly and use.  The 

time to train the snap-fit is dependent on the time it takes to heat the snap-fit above its 

transition, deform it, and cool it while holding the deformation.  For the simulation, the 

training process considers the time to heat (approximately 9 s) and apply a mechanical 

force to deform (approximately 1 s).  Quenching the snap-fit would rapidly set the 

deformation of the snap-fit to complete the training process and thus can be ignored as it 

would make a small portion of the total training time of 10 s). 
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Figure 6.10: LS Dyna Simulation Result for SMP Snap-Fit 

The disassembly results for the SMP snap-fit are seen in Figure 6.10.  The 

disassembly process is based on the shape memory recovery that is determined by the 

temperature of the snap-fit.  Based on the simulation parameters, the SMP snap-fit would 

totally recover its shape in approximately 10 seconds and would reach the needed 2 mm 

for disassembly in approximately 9 seconds. 

6.10 Discussion 

A definite case for the SMP nanocomposite snap-fit being used over the SMP snap-fit 

per a shorter release time.  Based on the simulation conditions, the SMP nanocomposite 

can be released in approximately 7 seconds, which is 2 seconds shorter than the SMP 
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snap-fit (see Figure 6.11).  While this time may not be worthwhile in considering, the 

need to apply a magnetic field, it should be noted that further reduction in release time for 

the SMP nanocomposite can be achieved when considering the temperature of the oil 

bath for heating.  Also, for this simulation the SMP and SMP nanocomposite share the 

same thermal properties (except in       ).  In actuality, these materials would not share 

the same the same thermal characteristics.  Specific heat capacity, heat transfer 

coeffients, and thermal time constants are varied between the SMP and SMP 

nanocomposite, especially with a SMP with such a high transition temperature.  In this 

respect, this disassembly simulation and the parameters used provide a worst case 

scenario for the SMP nanocomposite, which still shows a shorter disassembly time.  The 

best case scenario would be seen in Figure 6.7 for which the thermal properties, 

particularly the thermal time constant. 
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Figure 6.11: Snap-fit displacement and temperature with respect to time 

The argument for the SMP nanocomposite use in the application of AD is also 

encouraged by the lack of a training process (see Table 6.1).  The training process 

essentially doubles the processing for the SMP snap-fit because it must be heated two 

times (once for training and once for disassembly).  The SMP nanocomposite snap-fit on 

the other hand does not need to be training and only needs to be heated once for 

disassembly. 

Table 6.1:  Total Time Difference for Processing SMP and SMP Nanocomposite Snap-Fits 

Material Training Process Time (s) Disassembly Process Time (s) Total 

SMP 10 9 19 

SMP Nanocomposite 0 7 7 
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6.11 Summary 

This section is an addition to the CIRP Annals manuscript and provides additional 

details and analysis of a multi-trigger SMP nanocomposite fastener for AD.  LS Dyna 

simulations were performed, and results for these simulations make a case for the use of 

the SMP nanocomposite over common SMP.  The simulations of the disassembly process 

show that the SMP nanocomposite snap-fit has a short disassembly time than the SMP 

snap-fit per the simulations.  Further, a simulation of the training process for the SMP 

snap-fit was also performed to show the further processing for the actual use of the SMP 

snap-fit.  The analysis of the training process is important in considering the total process 

time comparison between the SMP and SMP nanocomposite.  In comparison the SMP 

nanocomposite snap-fit need no training process, which results in a much lower total 

process time that the SMP snap-fit.  Overall, the analysis provided by LS Dyna 

simulations makes a strong case for the application of the SMP nanocomposite over the 

common SMP for AD. 
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CHAPTER VII 

CONCLUSION AND FUTURE WORK 

This research has discussed the principals behind a multiple field sensitive SMP 

nanocomposite, manufactured and tested this SMP nanocomposite, modeled this SMP 

nanocomposite, and analyzed its usefulness in the application of AD.  The SMP 

nanocomposite is comprised of a Diaplex MS5520 SMPU and nanomagnetite particles.  

Testing of the SMP nanocomposite was conducted under a number of conditions: above 

its transition temperature (55°C), at room temperature, at its transition temperature and 

under a magnetic field, and at room temperature and under a magnetic field.  From this 

testing it was determined that the SMP nanocomposite can be readily deformed with the 

magnetic field.  From the produced testing, a constitutive model has been presented that 

models the behavior of the SMP nanocomposite.  Based on this model, simulations using 

LS Dyna FEA software was performed.  These simulations model the ambient conditions 

of the SMP nanocomposite and the transition conditions of the SMP nanocomposite.  The 

results of this FEA simulation and added analysis have shown the validity of the SMP 

nanocomposite in the application of AD.  The SMP nanocomposite is specially adapted 

for AD because of the multiple field trigger for the SMP nanocomposite fastener.  The 

multiple field SMP nanocomposite fastener was designed to need two fields for AD and 

as such reduces the possibility of accidental disassembly that would be seen with its SMP 

fastener counterpart.  Further, the multiple field SMP nanocomposite fastener has a 

shorter disassembly process time than its SMP counterpart and does not need to be 

trained. 
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The example application of the SMP nanocomposite has provided a key comparison 

for its use.  To further the SMP nanocomposite’s validity, the remainder of this section 

will discuss the possible contributions for this research and the future applications of the 

SMP nanocomposite.  Also, discussed will be the future avenues for this research 

particularly in AD. 

7.1 Contributions 

This research has potential to make significant contributions both theoretical and 

technical due to the novelty of the concept for a multi-trigger smart material.  With the 

manufacture, characterization, and testing of the SMP nanocomposite, a wealth of 

knowledge for the polymer composite structure interface has been made.  As previously 

mentioned, to date the data for manufacturing and testing such a SMP nanocomposite is 

very limited.  This research has thus provided a number of theoretical contributions that 

help explain the special SME for a multi-triggering material.  Other contributions in 

processing and synthesis along with a further understanding to polymer structure 

interactions and multi-trigger SME mechanisms have been made.  The understanding of 

the environmental conditions to the SMP nanocomposite behavior per magnetically 

controlled deformation at transition temperature has in fact lead to a theoretical 

contribution with a constitutive model.  This work can thus further the contributions by 

providing avenues for other an all inclusive model that will model this special multi-

trigger smart material. 

The technical merit for this research can create a number of opportunities.  The 

fabrication of a multi-trigger smart material will provide new avenues for the application 

and implementation of smart materials.  The implementation of multi-trigger smart 
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materials can change a number of designs fit for functional materials.  Along with these 

designs, methodologies may change to appropriately apply such materials in products and 

applications.  This would be especially true for designing products for smart disassembly.  

New multi-trigger releasable fasteners, as the ones presented with the research, will 

change current design for disassembly methodologies and create a more efficient 

disassembly process for a number of products, include small electronic devices that are 

typically difficult and expensive to disassemble.  The biomedical field may also see such 

changes with new multi-trigger SMP composite stents that are stronger and more reliable 

than their SMP counter parts.  The added control and resistance to accidental triggering 

of the multi-trigger composite will also be make the fabricated multi-trigger SMP 

composite more applicable in extreme conditions, such as with deployable space 

structures, where temperature, pressure, and humidity extremes are much greater than 

here on Earth. 

7.2 Active Disassembly 

As previously discussed current disassembly methods fail to promote efficient and 

flexible disassembly thus making disassembly an unpopular EoL activity. Past research 

has developed a means for making disassembly more efficient and flexible process with 

AD, but with the probability of accidental disassembly due to single trigger designs, AD 

has not become a widely accepted disassembly option. The proposed work for developing 

multi-trigger designs in this project will solve this problem and make AD an acceptable 

EoL activity for industry. Furthermore, the introduction and dissemination of multi-

trigger AD will promote both social and environmental benefits both of which will 

greatly benefit society.  
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For social impacts, multi-trigger AD will increase EoL product disassembly. 

Increased product disassembly will increase both reuse of product components and 

recycling of product [111]. Multi-trigger AD is a non-destructive disassembly process 

that will allow for the retrieval of prime conditioned used components. Refurbishment of 

these components will become more efficient because of their condition after 

disassembly, and with their reinstitution into new products the price for consumers will 

decrease. Increased buying power will also be seen through purer recycling and material 

recovery, which will be an effect from increased disassembly due to multi-trigger AD. 

With these increases in recycling, more manufacturers will choose to use cheaper high 

quality recycled materials over virgin materials thus decreasing the cost for manufactures 

and the price for consumers [112]. Furthermore, with the increase of disassembly due to 

multi-trigger disassembly more jobs will be created for society. To go along with the 

increase in reuse and recycling, more workers at disassembly plants, refurbishment 

plants, and recycling plants will be needed along with engineering and management 

personnel to oversee these operations. More engineers and designers will also be needed 

to effectively implement these innovative elements into product designs and 

manufacturing operations [113]. 

Along with the basic social impacts, environmental impacts from multi-trigger AD 

will further the benefit to society by creating a sustainable means for manufacturers and 

consumers. Reuse and recycling are major contributors to this. By reusing and recycling 

materials, manufacturers will be provided with a more environmentally friendly means 

for making their products. They will not have to rely on environmentally destructive 

processes from extracting and refining virgin materials. Furthermore, the participation of 
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the consumer in purchasing reused and/or recycled products and components will create a 

closed-loop product stream. The closed-loop product stream will limit greatly any waste 

that is exhibited in current product streams meaning the need for massive landfills or 

waste incineration plants will be greatly reduced. This in turn will limit adverse affects, 

such as ground water contamination from landfills and hazardous emissions from waste 

incinerators [114-115]. 

Another benefit seen in this research will be the transformation of disassembly 

processes to advanced technology operations per the new materials and processes 

introduced. With this advancement, greater fundamental understanding will be realized 

by a variety of disciplines. Mechanical and chemical disciplines will benefit greatly by 

the knowledge gained through designing, modeling, and implementing advanced 

materials, such as SMP nanocomposites, into multi-trigger AD elements. Through this 

design and implementation process further discovery in possible applications with these 

advanced materials may be realized. Of particular interest will be the discovery of the 

material and design effects by the application of multiple environmental triggers, which 

to this point has been limited in research. Industrial and manufacturing disciplines will 

also benefit from the introduction from the application of these multi-trigger AD 

elements. It will be with this application that the industrial and manufacturing fields will 

devise new systems. Mainly, these new systems will be to accommodate a new means of 

disassembly through multi-trigger AD, but with the likely increase of recycling and reuse, 

closed-loop product streams will become the norm thus leading to new and innovative 

systems for recycling and reuse. 



           Texas Tech University, John Carrell, May 2012 

126 

7.3 Future Work 

This research has explored an innovative smart material that is sensitive to multiple 

fields.  These multiple fields are used to cause deformation and allow for shape recovery 

this smart material.  The particular focus on material properties and modeling of this 

smart material, and based on this focus, there are a number of ways that should be 

considered to further the impact of this research.  This future work section will thus focus 

on how to proceed with this research and will provide detailed ways to do so. 

7.3.1 SMP Nanocomposite Manufacture and Testing 

In this research work, a SMPU was used as the base SMP for the composite. 

Polyurethanes are well-known and flexible structure and have been readily used in SMP 

research [39-47 49 72].  As part of future investigations with produced multi-trigger SMP 

nanocomposites, it is suggested that other SMPUs and other polymer structures be 

analyzed with magnetic filler.  Accordingly many SMPUs can be readily synthesized and 

tested.  Possible formulations for the SMPU can be based on previous work [39-41 43-45 

47].  From these works, a two step solution polymerization process was used to 

synthesize a shape-memory polyurethane block copolymer and will be used for this 

research.  The first step will be the preparation of prepolymer with the reaction of 4,4’-

MDI and PCL at 80°C for 90 minutes in a four-neck cylindrical vessel equipped with 

mechanical stirrer.  Upon reaction of the prepolymer, the second step will be the drop-

wise addition of 1,4-BD, which acts as a chain extender, at 110°C for 150 minutes [43].  

A desired mole ratio will be obtained to control the formation of the hard segments and 

switching segments within the SMPU.  Previous works have shown ~30-40% hard 

segments resulting in MDI:PCL:BD ratios of 4:1:3 to 6:1:5, respectively [39-40]. 
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Preliminary testing and characterization will be carried out on the first set of samples of 

SMPU to allow for modifications of the exact ranges for SMPU formulations and 

magnetite additions. 

The SMP allows for the heat sensitivity to the SMP nanocomposite.  The magnetic 

filler provides the magnetic sensitivity to the SMP nanocomposite. Considering the 

preliminary work, the amount of magnetic filler has established a greater sensitivity of 

the SMP nanocomposite to a magnetic field [97].  To further this work, the amount of 

magnetic filler will still be investigated, but so will the possible functionalization effects 

of this magnetic filler.  By functionalizing the magnetic particles the effects in dispersion 

within the SMPU matrix and its effects on thermal, magnetic, and mechanical properties 

can be made.  Past research has shown improvement in these areas in SMP 

nanocomposite fabrication and can be expected for this research.  As with the preliminary 

work, the dispersions of the magnetite particles appeared to be random; however, with 

increases in filler content, larger agglomerations were seen.  Functionalizations of the 

magnetite particles can provide better dispersion that would reduce agglomerations, 

which in turn can help with the performance of the SMP nanocomposite in regards to 

magnetically controlled deformation.   

Multiple methods for adding the nanomagnetite powder can also be explored in this 

research per suggestion in previous works.  As per Yoo et al [40] and Paik et al [39], 

three methods have for adding the nanoparticles to the synthesized SMPU have been 

studied.  Method 1 added nanoparticles to the chain extender BD before adding it to the 

pre-polymer.  Method 2 added nanoparticles to PCL before synthesis of the pre-polymer 

with MDI.  Method 3 dissolved the SMPU in dimethyl formamide (DMF) and then added 
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the nanoparticles.  Based on these addition methods, methods such as mechanical stirring 

and sonication should also be explored as means to randomly disperse magnetite particles 

throughout SMPU.  Upon addition and dispersion of magnetite particles, alignment of 

magnetite particles will also be attempted per a magnetic field [62 64].  Again based on 

the addition method and mixing method, it is likely feasible that a clear process for 

producing a SMP nanocomposite with randomly nanomagnetite will be realized. 

Basic testing and characterization methods have been performed in this research and 

have produced results for the building of a constitutive model and resulting FEA 

simulation. Further work should be done that would go beyond the basic testing 

performed in this research.  Analysis for thermal testing, such as differential scanning 

calorimetry (DSC) and thermogravimetric analysis (TGA), could be performed to 

determine the transition temperature and thermal stability for the SMPU nanocomposite.  

For this research, only partial results for TGA were obtained (see Appendix).  Likewise, 

dynamical mechanical analysis (DMA) is currently being performed at Arizona State 

University with the produced SMP nanocomposite.  This analysis will provide further 

mechanical and thermal properties for the SMP nanocomposite that can be used in future 

modeling and simulations along in setting the foundation for future development of 

similar SMP nanocomposites. 

7.3.2 AD Demonstration 

The results from this research have provided model details in the application of AD 

for a SMP nanocomposite snap-fit.  As a means to further validate this application, a 

demonstration of the multi-trigger SMPU nanocomposites needs to be performed.  

Fabricated SMPU nanocomposite snap-fits can be assembled in a test product housing 
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and tested as in past research [8].  The actual demonstration of the SMP nanocomposite 

snap-fit will provide further details for the application of AD and will provide key 

comparison points with the previously tested and validated SMP heat-releasable snap-fits.  

Furthermore, following demonstration and data collection (i.e. disassembly time, shape 

recovery, etc.), validation the developed constitutive model can be made through FEA.  

7.3.3 Modeling and Simulation 

The presented constitutive model and resulting simulations can be improved upon to 

achieve better results.  The constitutive model is based on common material materials 

that readily matched the mechanical properties of the SMP nanocomposites, but there are 

alternatives that are being considered that can better model the thermal and magnetic 

properties of the SMP nanocomposite. 

Current work is being formulated that could better model the heat transfer for the 

SMP nanocomposites.  The following heat transfer equation is more complex than the 

equations used in this research and can be readily used to estimate the time for the 

material to reach its transition temperature. The heat transfer from the heat body to SMP 

nanocomposite can be expressed as:  

  
  

  
             

 

where   is the density of the material, c is specific heat capacity, 
  

  
 is the rate of 

temperature change of the material, K is thermal conductivity of the material, and Q is 

the heat source. 
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At the initial state the temperature of the heating body (either liquid or air) is 

considered to be 130 º C and SMP nanocomposite 25 º C.  To define the boundary 

condition the medium of the heating body has to be known.   

For liquid heating body: 

  
  

  
           

 

For air heating body: 

  
  

  
                   

      
 

where T is temperature of SMP nanocomposite,       is temperature of the air, h is 

coefficient of heat transfer,   Stefan-Boltzmann constant,   emissivity on the surface of 

the material, and 
  

  
  is the rate of temperature change of SMP nanocomposite along a 

unit vector normal to the surface of the material.  

In consideration of LS Dyna simulation more work should be done with instituting 

the constitutive model.  To date there are a number of constitutive models for SMPs and 

their composites, which can interact with other FEA software by means of a user material 

subroutine (UMAT).  These UMAT takes extensive knowledge of not only the material 

behavior, but also takes extensive knowledge in computer programming.  With such a 

complex behavior with the SMP nanocomposite, a UMAT would provide much work and 

would result in a useful FEA tool for design analysis [83 93-95].  
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APPENDIX A 

A.1 Mechanical Properties of Diaplex SMP Nanocomposite 

Table A.1: Diaplex SMP Nanocomposite Properties 

SMPN 

Mass 

Density 

(kg/m^3) 

Room Temp 

Elastic 

Modulus (Pa) 

Trans 

Temp 

Elastic 

Modulus 

(Pa) 

Trans 

Temp 

Poisson's 

Ratio 

Trans 

Temp 

Shear 

Modulus 

(Pa) 

Trans 

Temp 

Bulk 

Modulus 

(Pa) 

Pure 1273.006 147,540,930 6,004,980 0.49 2,015,094 1,010,939 

5% 1292.206 185,168,056 7,440,115 0.49 2,496,683 1,252,545 

10% 1370.808 232,892,560 10,409,998 0.49 3,493,288 1,752,525 

15% 1393.837 252,627,546 11,653,167 0.49 3,910,459 1,961,813 

20% 1435.997 364,647,733 13,156,893 0.49 4,415,065 2,214,965 

25% 1468.103 344,612,151 16,103,983 0.49 5,404,021 2,711,108 

Table A.1 presents basic material properties of the SMP Nanocomposite.  Mass 

Density and Elastic Modulus were determined from tensile testing.  The Poisson’s Ratio 

for the SMP nanocomposite was also determined from tensile testing through CAD 

analysis of photographs taken during elevated temperature tensile tests. Shear Modulus 

and Bulk Modulus were determined on common estimates from the Elastic Modulus and 

Poisson’s Ratio [116].  For Shear Modulus, 

  
 

      
 

 

where:   is the Shear Modulus,   is the Elastic Modulus, and   is Poisson’s Ratio.  For, 

Bulk Modulus, 

  
 

       
 

where:   is the Bulk Modulus.  
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APPENDIX B 

B.1 Thermal Properties of Diaplex SMP Nanocomposite 

Thermal properties for the Diaplex SMP nanocomposites are estimated according to 

performed oil bath tests.  In these tests, the SMP and SMP nanocomposite samples were 

placed in an oil bath at 70°C and 75°C upon which they were folded in their transition 

states.  The samples were then quenched to maintain this folded deformation.  The 

samples were then placed in the oil bath and their shape recovery was observed.  The 

results from these experiments are seen in Table B.1. 

Table B.1:  Shape Recovery Oil Bath Testing Results 

 

SMP 

Nanocomposite 

Temperature 

(°C) 

Recovery Time 

(sec) 

Experiment 1 Pure 70 6.3 

Experiment 2 5% 70 5.5 

Experiment 3 10% 70 5.5 

Experiment 4 15% 70 4.9 

Experiment 5 20% 70 4.8 

Experiment 6 25% 70 4.6 

Experiment 7 Pure 75 5.2 

Experiment 8 5% 75 4.9 

Experiment 9 10% 75 4.9 

Experiment 10 15% 75 4.8 

Experiment 11 20% 75 4.8 

Experiment 12 25% 75 4.5 

From this testing, values for specific heat capacity of the SMP nanocomposites can be 

determined, 

  
    

  
 

where:   is the specific heat capacity (J/kg °C),   is the time constant,    is the heat 

transfer coefficient between the part and heating body (for an oil bath 50.2 W/m
2
 °C),   
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is the heating area (m
2
),   is the mass density (kg/m

3
), and   is the volume of the sample 

(m
3
) [117]. 

Based on the results for this equation, the time     to heat the SMP to temperature can 

be expressed 

      
     

     
 

 

where    is the initial temperature of the part,    is the temperature of the heating body, 

and    is the final temperature considered in the analysis.  From this equation, the 

temperature curves for the LS Dyna Simulations were determined (see Table B.2 and 

B.3.). 
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Table B.2:  Temperature Curve for LS Dyna Beam Bend Simulations.  Assumes SMP 

Nanocomposite (15 wt.% magnetite) that is heated from 40°C to 70°C by 75°C Oil Bath. 

Time (sec) Temperature 

(°C) 

0 40 

0.185 41 

0.376 42 

0.574 43 

0.780 44 

0.994 45 

1.217 46 

1.449 47 

1.691 48 

1.945 49 

2.211 50 

2.491 51 

2.786 52 

3.097 53 

3.428 54 

3.780 55 

4.156 56 

4.561 57 

4.997 58 

5.472 59 

5.992 60 

7.209 62 

8.778 64 

10.989 66 

14.770 68 

20.063 70 

 

  



           Texas Tech University, John Carrell, May 2012 

146 

Table B.3:  Temperature Curve for LS Dyna SMP Snap-Fit Simulations.  Assumes SMP 

Nanocomposite (15 wt.% magnetite) that is heated from 25°C to 115°C by 125°C Oil Bath 

Time (sec) Temperature 

(°C) 

0 25 

0.279 30 

0.574 35 

0.886 40 

1.217 45 

1.569 50 

1.945 55 

2.349 60 

2.786 65 

3.260 70 

3.780 75 

4.355 80 

4.997 85 

5.725 90 

6.5667 95 

7.561 100 

7.783 101 

8.015 102 

8.258 103 

8.512 104 

8.778 105 

9.058 106 

9.352 107 

9.664 108 

9.995 109 

10.347 110 

10.723 111 

11.127 112 

11.564 113 

12.039 114 

12.558 115 
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APPENDIX C 

C.1 SMP Nanocomposite Modulus Calculation and Shape Recovery Calculation 

The shape recovery of the SMP nanocomposite was determined by the special 

reduction in modulus at the transition temperature.  Tensile test experiments provided the 

room temperature and transition temperature moduli of the SMP nanocomposites.  With 

these two temperature moduli determined a modulus curve was assumed per the common 

behavior of SMPs (see Figure C.1) [10 70 118-119]. 

 

Figure C.1:  Reference Elastic Modulus Curve for LS Dyna Simulation 

Based on this generated curve for the SMP nanocomposite and the constitutive 

model, the shape recovery of the SMP nanocomposite can be generalized by a given 
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temperature in accordance to the change in modulus.  For the LS Dyna simulations, the 

magnetic force acted up on the SMP nanocomposite results in a mechanical a deflection 

of 0.014625 m results.  This deflection is then subsequently recovered based heating the 

SMP nanocomposite in its transition zone for which the deflection is recovered 

accordingly.  In LS Dyna, simulation there is no material model that could allow for this 

recovery.  To provide a visual media for recovery, LS Dyna simulation is used with the 

developed temperature and prescribed motion boundary condition curves. The derived 

constitutive model and thermal equations were thus used to calculate the values for the 

curves (see Table C.1 and C.2). 

Table C.1: LS Dyna Temperature and Prescribed Motion Curves for SMP Nanocomposite 

Beam Shape Memory Recovery 

Time (sec) Temperature(°C) 

Tip Deflection 

(m) 

0 40 0.014625 

0.38 42 0.014625 

0.78 44 0.014625 

1.22 46 0.014625 

1.69 48 0.014625 

2.21 50 0.014625 

2.49 51 0.014625 

2.79 52 0.0143951 

3.1 53 0.0138695 

3.43 54 0.0114073 

3.78 55 0.0073355 

4.16 56 0.0032658 

4.56 57 0.000802017 

5 58 0.00027642 

5.47 59 4.01E-06 

5.99 60 0 

7.21 62 0 

8.78 64 0 

10.99 66 0 

14.77 68 0 

20 70 0 
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Table C.2: LS Dyna Temperature and Prescribed Motion Curve for SMP Heat Releasable 

Snap-Fit Shape Memory Recovery 

Time (sec) Temperature(°C) 

Tip Deflection 

(m) 

0 25 0 

0.279 30 0 

0.574 35 0 

0.886 40 0 

1.217 45 0 

1.5690 50 0 

1.945 55 0 

2.349 60 0 

2.786 65 0 

3.260 70 0 

3.780 75 0 

4.355 80 0 

4.997 85 0 

5.725 90 0 

6.566 95 0 

7.561 100 0 

7.783 101 0 

8.015 102 1.97E-06 

8.258 103 0.000136 

8.512 104 0.000395 

8.778 105 0.001607 

9.058 106 0.003609 

9.352 107 0.005613 

9.664 108 0.006824 

9.995 109 0.007083 

10.034 110 0.007196 

10.0723 111 0.007196 

10.112 112 0.007196 

10.156 113 0.007196 

10.203 114 0.007196 

10.255 115 0.007196 
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APPENDIX D 

D.1 Partial TGA Results for the SMP Nanocomposites 

TGA was performed on selected samples of the SMP nanocomposite (Pure, 10 wt.%, 

15 wt.%, and 20 wt.%).  Only partial results were obtained due to limited availability of 

SMP nanocomposite samples and on unexpected TGA curve errors in testing.  These 

curve errors showed an unexpected spike in the TGA curve (see Figure D.1).  These 

spikes should not be possible based on the constant weight reduction of the sample 

throughout the testing period.  Possible causes for the spike could be attributed to 

cleaning of the pan used to hold the sample.  Leftover remnants of the unclean pan, could 

possibly quickly be degraded and result in a negative spike. 

 

Figure D.1:  Example of TGA Curve Spike 
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For results that were maintained common conclusions about the processing results for 

the SMP nanocomposites, particularly the evaporation of DMF and magnetite additions, 

can be obtained (see Figure D.2).  The Diaplex SMP resin is held in 70 wt.% DMF that in 

processing needs to be evaporated to leave the Diaplex SMP.  The results from TGA 

show the removal of this DMF per the flat region from ambient to approximately 220°C 

for all the SMP nanocomposites.  A slope in the curves would be seen if DMF were still 

in the SMP nanocomposite because of DMF’s boil temperature of 153°C.  Further the 

results illustrate the loading of the SMP nanocomposite per the levels of the curves at 

600°C, which readily increase with loading of magnetite nanoparticles. 

 

Figure D.2: Partial TGA results for SMP Nanocomposites 
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APPENDIX E 

E.1 LS Dyna Keyword Files 

The following section will provide the LS Dyna Keyword Files.  These files contain 

the code for the FEA simulations performed.  There were parts of the code that are 

excessively long, particularly parts that defined the position of nodes and solids.  These 

parts were omitted due to their excess length. 

E.1.1 SMP Nanocomposite Magnetically Controlled Keyword File 

$# LS-DYNA Keyword file created by LS-PrePost 3.2  

*KEYWORD   

*TITLE 

$# title 

*CONTROL_ENERGY 

$#    hgen      rwen    slnten     rylen 

         2         1         1         1 

*CONTROL_HOURGLASS 

$#     ihq        qh 

         1  0.100000 

*CONTROL_TERMINATION 

$#  endtim    endcyc     dtmin    endeng    endmas 

  0.100000         0     0.000     0.000     0.000 

*CONTROL_TIMESTEP 

$#  dtinit    tssfac      isdo    tslimt     dt2ms      lctm     

erode     ms1st 

     0.000  0.800000         0     0.000     0.000         0         

0         0 

$#  dt2msf   dt2mslc     imscl 

     0.000         0         0 

*DATABASE_GLSTAT 

$#      dt    binary      lcur     ioopt 

  0.010000         0         0         1 

*DATABASE_MATSUM 

$#      dt    binary      lcur     ioopt 

  0.010000         0         0         1 

*DATABASE_BINARY_D3PLOT 

$#      dt      lcdt      beam     npltc    psetid 

  0.001000         0         0         0         0 

$#   ioopt 

         0 

*BOUNDARY_PRESCRIBED_MOTION_SET 

$#    nsid       dof       vad      lcid        sf       vid     

death     birth 

         3         3         2         8 -1.000000         

01.0000E+28     0.000 
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*BOUNDARY_SPC_SET 

$#    nsid       cid      dofx      dofy      dofz     dofrx     

dofry     dofrz 

         1         0         1         1         1         1         

1         1 

*SET_NODE_LIST_TITLE 

Constrained 

$#     sid       da1       da2       da3       da4    solver 

         1     0.000     0.000     0.000     0.000MECH 

$#    nid1      nid2      nid3      nid4      nid5      nid6      

nid7      nid8 

      1552      1613      1674      1735      1796      1857      

1918      1979 

      2040      2101      2162      2223      2284      2345      

2406      2467 

      2528      2589      2650      2711      2772      2833      

2894      2955 

      3016      3077      3138      3199      3260      3321      

3382      3443 

      3504         0         0         0         0         0         

0         0 

*LOAD_NODE_SET 

$#    nsid       dof      lcid        sf       cid        m1        

m2        m3 

         2         3         3  1.000000         0         0         

0         0 

*PART 

$# title 

boxsolid 

$#     pid     secid       mid     eosid      hgid      grav    

adpopt      tmid 

         1         1         1         0         0         0         

0         0 

*SECTION_SOLID_TITLE 

Solid Section 

$#   secid    elform       aet 

         1         1         0 

*MAT_ARRUDA_BOYCE_RUBBER_TITLE 

Arruda Boyce 

$#     mid        ro         k         g         n 

         1 1393.8400 1.9618E+6 3.9105E+6        17 

$#    lcid     tramp        nt 

         0     0.000  6.000000 

*PART 

$# title 

boxsolid 

$#     pid     secid       mid     eosid      hgid      grav    

adpopt      tmid 

         2         1         1         0         0         0         

0         0 

*HOURGLASS 

$#    hgid       ihq        qm       ibq        q1        q2    

qb/vdc        qw 
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         1         1  0.100000         0  1.500000  0.060000  

0.100000  0.100000 

*DEFINE_CURVE_TITLE 

Load Curve 

$#    lcid      sidr       sfa       sfo      offa      offo    

dattyp 

         3         0  1.000000  1.000000     0.000     0.000         

0 

$#                a1                  o1 

           0.0134442      2.1700000e-006 

           0.0258668      8.0899999e-006 

           0.0382893      1.9400000e-005 

           0.0501441      2.9700001e-005 

           0.0622777      4.7599999e-005 

           0.0773004      8.5200001e-005 

           0.0903107      1.8501600e-004 

           0.1000000      3.0099999e-004 

*DEFINE_CURVE_TITLE 

Prescribed Motion 

$#    lcid      sidr       sfa       sfo      offa      offo    

dattyp 

         8         0  1.000000  1.000000     0.000     0.000         

0 

$#                a1                  o1 

               0.000               0.000 

           0.1000000           0.0074500 

*SET_NODE_LIST_TITLE 

Load 

$#     sid       da1       da2       da3       da4    solver 

         2     0.000     0.000     0.000     0.000MECH 

$#    nid1      nid2      nid3      nid4      nid5      nid6      

nid7      nid8 

      2954      3015      3076      3137      3198      3259      

3320      3381 

      3442      3503      3564         0         0         0         

0         0 

*SET_NODE_LIST_TITLE 

Magnet Nodes 

$#     sid       da1       da2       da3       da4    solver 

         3     0.000     0.000     0.000     0.000MECH 

$#    nid1      nid2      nid3      nid4      nid5      nid6      

nid7      nid8 

      3573      3574      3575      3576      3577      3578      

3579      3580 

*SET_PART_LIST_TITLE 

Beam 

$#     sid       da1       da2       da3       da4    solver 

         1     0.000     0.000     0.000     0.000MECH 

$#    pid1      pid2      pid3      pid4      pid5      pid6      

pid7      pid8 

         1         0         0         0         0         0         

0         0 

*INTERFACE_SPRINGBACK_LSDYNA 

$#    psid      nshv     ftype 
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         1         0         0 

*ELEMENT_SOLID 

(Omitted due to excess length) 

*NODE 

(Omitted due to excess length) 

*END 

E.1.2 SMP Nanocomposite Shape Memory Recovery Keyword File 

$# LS-DYNA Keyword file created by LS-PrePost 3.2  

*KEYWORD   

*TITLE 

$# title 

LS-DYNA keyword deck by LS-PrePost 

*CONTROL_SOLUTION 

$#    soln       nlq     isnan     lcint 

         2         0         0       100 

*CONTROL_TERMINATION 

$#  endtim    endcyc     dtmin    endeng    endmas 

  2.000000         0     0.000     0.000     0.000 

*CONTROL_THERMAL_SOLVER 

$#   atype     ptype    solver     cgtol       gpt    eqheat     

fwork       sbc 

         1         0         3 1.0000E-4         8  1.000000  

1.000000     0.000 

*CONTROL_THERMAL_TIMESTEP 

$#      ts       tip       its      tmin      tmax     dtemp      

tscp      lcts 

         0  1.000000  0.100000     0.000     0.000  1.000000  

0.500000         0 

*CONTROL_TIMESTEP 

$#  dtinit    tssfac      isdo    tslimt     dt2ms      lctm     

erode     ms1st 

     0.000  0.800000         0     0.000     0.000         0         

0         0 

$#  dt2msf   dt2mslc     imscl 

     0.000         0         0 

*DATABASE_BINARY_D3PLOT 

$#      dt      lcdt      beam     npltc    psetid 

  0.010000         0         0         0         0 

$#   ioopt 

         0 

*BOUNDARY_PRESCRIBED_MOTION_SET 

$#    nsid       dof       vad      lcid        sf       vid     

death     birth 

         1         3         2         3  1.000000         

01.0000E+28     0.000 

*BOUNDARY_SPC_NODE 

$#     nid       cid      dofx      dofy      dofz     dofrx     

dofry     dofrz 

      1552         0         1         1         1         1         

1         1 

      1613         0         1         1         1         1         

1         1 
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      1674         0         1         1         1         1         

1         1 

      1735         0         1         1         1         1         

1         1 

      1796         0         1         1         1         1         

1         1 

      1857         0         1         1         1         1         

1         1 

      1918         0         1         1         1         1         

1         1 

      1979         0         1         1         1         1         

1         1 

      2040         0         1         1         1         1         

1         1 

      2101         0         1         1         1         1         

1         1 

      2162         0         1         1         1         1         

1         1 

      2223         0         1         1         1         1         

1         1 

      2284         0         1         1         1         1         

1         1 

      2345         0         1         1         1         1         

1         1 

      2406         0         1         1         1         1         

1         1 

      2467         0         1         1         1         1         

1         1 

      2528         0         1         1         1         1         

1         1 

      2589         0         1         1         1         1         

1         1 

      2650         0         1         1         1         1         

1         1 

      2711         0         1         1         1         1         

1         1 

      2772         0         1         1         1         1         

1         1 

      2833         0         1         1         1         1         

1         1 

      2894         0         1         1         1         1         

1         1 

      2955         0         1         1         1         1         

1         1 

      3016         0         1         1         1         1         

1         1 

      3077         0         1         1         1         1         

1         1 

      3138         0         1         1         1         1         

1         1 

      3199         0         1         1         1         1         

1         1 

      3260         0         1         1         1         1         

1         1 
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      3321         0         1         1         1         1         

1         1 

      3382         0         1         1         1         1         

1         1 

      3443         0         1         1         1         1         

1         1 

      3504         0         1         1         1         1         

1         1 

*BOUNDARY_TEMPERATURE_SET 

$#    nsid      lcid     cmult       loc 

         2         2  1.000000         0 

*PART 

$# title 

auto created 

$#     pid     secid       mid     eosid      hgid      grav    

adpopt      tmid 

         1         1         1         0         0         0         

0         1 

*SECTION_SOLID 

$#   secid    elform       aet 

         1         1         0 

*MAT_ELASTIC_VISCOPLASTIC_THERMAL_TITLE 

Elastic Viscoplastic 

$#     mid        ro         e        pr      sigy     alpha      

lcss 

         1 1394.0000     0.000  0.350000 2.5000E+6     0.000         

0 

$#     qr1       cr1       qr2       cr2       qx1       cx1       

qx2       cx2 

     0.000     0.000     0.000     0.000     0.000     0.000     

0.000     0.000 

$#       c         p       lce      lcpr    lcsigy       lcr       

lcx    lcalph 

     0.000     0.000         1         0         0         0         

0         0 

$#     lcc       lcp 

         0         0 

*MAT_THERMAL_ISOTROPIC_TITLE 

Thermal Isotropic 

$#    tmid       tro     tgrlc    tgmult      tlat      hlat 

         1 1394.0000     0.000     0.000     0.000     0.000 

$#      hc        tc 

 570.90997  0.540000 

*INITIAL_STRESS_SOLID 

(Omitted due to excess length) 

 

*DEFINE_CURVE_TITLE 

Modulus 

$#    lcid      sidr       sfa       sfo      offa      offo    

dattyp 

         1         0  1.000000  1.000000     0.000     0.000         

0 

$#                a1                  o1 

        -240.8500061      2.5262755e+008 
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        -208.5500031      2.5262755e+008 

        -176.2500000      2.5262755e+008 

        -143.9499969      2.5262755e+008 

        -111.6500015      2.5262755e+008 

         -79.3499985      2.5262755e+008 

         -47.0499992      2.5262755e+008 

         -14.7500000      2.5262755e+008 

          17.5499992      2.5262755e+008 

          49.8499985      2.5262755e+008 

          51.0999985      2.2250574e+008 

          52.3499985      1.9238395e+008 

          53.5999985      1.6226216e+008 

          54.8499985      1.3214036e+008 

          56.0999985      1.0201856e+008 

          57.3499985      7.1896760e+007 

          58.5999985      4.1774964e+007 

          59.8499985      1.1653167e+007 

          92.1500015      1.1653167e+007 

         124.4499969      1.1653167e+007 

         156.7500000      1.1653167e+007 

         189.0500031      1.1653167e+007 

         221.3500061      1.1653167e+007 

         253.6499939      1.1653167e+007 

         285.9500122      1.1653167e+007 

         318.2500000      1.1653167e+007 

         350.5499878      1.1653167e+007 

         382.8500061      1.1653167e+007 

         415.1499939      1.1653167e+007 

         447.4500122      1.1653167e+007 

         479.7500000      1.1653167e+007 

         512.0499878      1.1653167e+007 

*DEFINE_CURVE_TITLE 

TempLoad 

$#    lcid      sidr       sfa       sfo      offa      offo    

dattyp 

         2         0  1.000000  1.000000     0.000     0.000         

0 

$#                a1                  o1 

               0.000          40.0000000 

           0.0380000          42.0000000 

           0.0780000          44.0000000 

           0.1220000          46.0000000 

           0.1690000          48.0000000 

           0.2210000          50.0000000 

           0.2790000          52.0000000 

           0.3430000          54.0000000 

           0.4160000          56.0000000 

           0.5000000          58.0000000 

           0.5990000          60.0000000 

           0.7210000          62.0000000 

           0.8780000          64.0000000 

           1.0990000          66.0000000 

           1.4770000          68.0000000 

           2.0000000          70.0000000 
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*DEFINE_CURVE_TITLE 

BendLoad 

$#    lcid      sidr       sfa       sfo      offa      offo    

dattyp 

         3         0  1.000000  1.000000     0.000     0.000         

0 

$#                a1                  o1 

               0.000           0.0146250 

           0.0380000           0.0146250 

           0.0780000           0.0146250 

           0.1220000           0.0146250 

           0.1690000           0.0146250 

           0.2210000           0.0146250 

           0.2490000           0.0146250 

           0.2790000           0.0143951 

           0.3100000           0.0138695 

           0.3430000           0.0114073 

           0.3780000           0.0073355 

           0.4160000           0.0032658 

           0.4560000      8.0201699e-004 

           0.5000000      2.7642000e-004 

           0.5470000      4.0060800e-006 

           0.5990000               0.000 

           0.7210000               0.000 

           0.8780000               0.000 

           1.0990000               0.000 

           1.4770000               0.000 

           2.0000000               0.000 

*SET_NODE_LIST_TITLE 

Load Nodes 

$#     sid       da1       da2       da3       da4    solver 

         1     0.000     0.000     0.000     0.000MECH 

$#    nid1      nid2      nid3      nid4      nid5      nid6      

nid7      nid8 

      2954      3015      3076      3137      3198      3259      

3320      3381 

      3442      3503      3564         0         0         0         

0         0 

*SET_NODE_LIST_TITLE 

Temp Nodes 

$#     sid       da1       da2       da3       da4    solver 

         2     0.000     0.000     0.000     0.000MECH 

*ELEMENT_SOLID 

(Omitted due to excess length) 

*NODE 

(Omitted due to excess length) 

*END 

E.1.3 SMP Snap-Fit Training Keyword File 

$# LS-DYNA Keyword file created by LS-PrePost 3.2  

*KEYWORD   

*TITLE 

$# title 
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LS-DYNA keyword deck by LS-PrePost 

*CONTROL_SOLUTION 

$#    soln       nlq     isnan     lcint 

         2         0         0       100 

*CONTROL_TERMINATION 

$#  endtim    endcyc     dtmin    endeng    endmas 

  1.260000         0     0.000     0.000     0.000 

*CONTROL_THERMAL_SOLVER 

$#   atype     ptype    solver     cgtol       gpt    eqheat     

fwork       sbc 

         1         0         3 1.0000E-4         8  1.000000  

1.000000     0.000 

*CONTROL_THERMAL_TIMESTEP 

$#      ts       tip       its      tmin      tmax     dtemp      

tscp      lcts 

         0  1.000000  0.100000     0.000     0.000  1.000000  

0.500000         0 

*CONTROL_TIMESTEP 

$#  dtinit    tssfac      isdo    tslimt     dt2ms      lctm     

erode     ms1st 

     0.000  1.000000         0     0.000     0.000         0         

0         0 

$#  dt2msf   dt2mslc     imscl 

     0.000         0         0 

*DATABASE_BINARY_D3PLOT 

$#      dt      lcdt      beam     npltc    psetid 

  0.010000         0         0         0         0 

$#   ioopt 

         0 

*BOUNDARY_PRESCRIBED_MOTION_SET 

$#    nsid       dof       vad      lcid        sf       vid     

death     birth 

         4         3         2         3  1.000000         

01.0000E+28     0.000 

*BOUNDARY_SPC_NODE 

(Omitted due to excess length) 

*BOUNDARY_TEMPERATURE_SET 

$#    nsid      lcid     cmult       loc 

         5         2  1.000000         0 

*PART 

$# title 

auto created 

$#     pid     secid       mid     eosid      hgid      grav    

adpopt      tmid 

         2         1         1         0         0         0         

0         1 

*SECTION_SOLID 

$#   secid    elform       aet 

         1         1         0 

*MAT_ELASTIC_VISCOPLASTIC_THERMAL_TITLE 

Elastic Viscoplastic 

$#     mid        ro         e        pr      sigy     alpha      

lcss 
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         1 1394.0000     0.000  0.350000 2.5000E+6     0.000         

0 

$#     qr1       cr1       qr2       cr2       qx1       cx1       

qx2       cx2 

     0.000     0.000     0.000     0.000     0.000     0.000     

0.000     0.000 

$#       c         p       lce      lcpr    lcsigy       lcr       

lcx    lcalph 

     0.000     0.000         1         0         0         0         

0         0 

$#     lcc       lcp 

         0         0 

*MAT_THERMAL_ISOTROPIC_TITLE 

Thermal Isotropic 

$#    tmid       tro     tgrlc    tgmult      tlat      hlat 

         1 1394.0000     0.000     0.000     0.000     0.000 

$#      hc        tc 

 570.90997  0.540000 

*INITIAL_STRESS_SOLID 

(Omitted due to excess length) 

*DEFINE_CURVE_TITLE 

Modulus 

$#    lcid      sidr       sfa       sfo      offa      offo    

dattyp 

         1         0  1.000000  1.000000     0.000     0.000         

0 

$#                a1                  o1 

        -240.8500061      2.5262755e+008 

        -208.5500031      2.5262755e+008 

        -176.2500000      2.5262755e+008 

        -143.9499969      2.5262755e+008 

        -111.6500015      2.5262755e+008 

         -79.3499985      2.5262755e+008 

         -47.0499992      2.5262755e+008 

         -14.7500000      2.5262755e+008 

          17.5499992      2.5262755e+008 

          49.8499985      2.5262755e+008 

          51.0999985      2.2250574e+008 

          52.3499985      1.9238395e+008 

          53.5999985      1.6226216e+008 

          54.8499985      1.3214036e+008 

          56.0999985      1.0201856e+008 

          57.3499985      7.1896760e+007 

          58.5999985      4.1774964e+007 

          59.8499985      1.1653167e+007 

          92.1500015      1.1653167e+007 

         124.4499969      1.1653167e+007 

         156.7500000      1.1653167e+007 

         189.0500031      1.1653167e+007 

         221.3500061      1.1653167e+007 

         253.6499939      1.1653167e+007 

         285.9500122      1.1653167e+007 

         318.2500000      1.1653167e+007 

         350.5499878      1.1653167e+007 
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         382.8500061      1.1653167e+007 

         415.1499939      1.1653167e+007 

         447.4500122      1.1653167e+007 

         479.7500000      1.1653167e+007 

         512.0499878      1.1653167e+007 

*DEFINE_CURVE_TITLE 

TempLoad 

$#    lcid      sidr       sfa       sfo      offa      offo    

dattyp 

         2         0  1.000000  1.000000     0.000     0.000         

0 

$#                a1                  o1 

               0.000          25.0000000 

           0.0010000          25.0000000 

           0.0279766          30.0000000 

           0.0574661          35.0000000 

           0.0886417          40.0000000 

           0.1217078          45.0000000 

           0.1569086          50.0000000 

           0.1945390          55.0000000 

           0.2349592          60.0000000 

           0.2786164          65.0000000 

           0.3260745          70.0000000 

           0.3780589          75.0000000 

           0.4355250          80.0000000 

           0.4997667          85.0000000 

           0.5725979          90.0000000 

           0.6566753          95.0000000 

           0.7561178         100.0000000 

           0.7783831         101.0000000 

           0.8015961         102.0000000 

           0.8258411         103.0000000 

           0.8512142         104.0000000 

           0.8778256         105.0000000 

           0.9058021         106.0000000 

           0.9352916         107.0000000 

           0.9664672         108.0000000 

           0.9995334         109.0000000 

           1.0347341         110.0000000 

           1.0723646         111.0000000 

           1.1127847         112.0000000 

           1.1564419         113.0000000 

           1.2039000         114.0000000 

           1.2558844         115.0000000 

           1.2600000         115.0000000 

*DEFINE_CURVE_TITLE 

BendLoad 

$#    lcid      sidr       sfa       sfo      offa      offo    

dattyp 

         3         0  1.000000  1.000000     0.000     0.000         

0 

$#                a1                  o1 

               0.000           0.0071960 

           0.0279766           0.0071960 
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           0.0574661           0.0071960 

           0.0886417           0.0071960 

           0.1217078           0.0071960 

           0.1569086           0.0071960 

           0.1945390           0.0071960 

           0.2349592           0.0071960 

           0.2786164           0.0071960 

           0.3260745           0.0071960 

           0.3780589           0.0071960 

           0.4355250           0.0071960 

           0.4997667           0.0071960 

           0.5725979           0.0071960 

           0.6566753           0.0071960 

           0.7561178           0.0071960 

           0.7783831           0.0071960 

           0.8015961           0.0070829 

           0.8258411           0.0068243 

           0.8512142           0.0056128 

           0.8778256           0.0036093 

           0.9058021           0.0016069 

           0.9352916      3.9462000e-004 

           0.9664672      1.3600801e-004 

           0.9995334      1.9711299e-006 

           1.0347341               0.000 

           1.0723646               0.000 

           1.1127847               0.000 

           1.1564419               0.000 

           1.2039000               0.000 

           1.2558844               0.000 

           1.2600000               0.000 

*SET_NODE_LIST 

(Omitted due to excess length) 

*SET_PART_LIST_TITLE 

Part1 

$#     sid       da1       da2       da3       da4    solver 

         1     0.000     0.000     0.000     0.000MECH 

$#    pid1      pid2      pid3      pid4      pid5      pid6      

pid7      pid8 

         2         0         0         0         0         0         

0         0 

*INTERFACE_SPRINGBACK_LSDYNA 

$#    psid      nshv     ftype 

         1         0         0 

*ELEMENT_SOLID 

(Omitted due to excess length) 

*NODE 

(Omitted due to excess length) 

*END 

E.1.4 SMP Snap-Fit Shape Memory Recovery for Active Disassembly Keyword File 

$# LS-DYNA Keyword file created by LS-PrePost 3.2  

*KEYWORD   

*TITLE 
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$# title 

LS-DYNA keyword deck by LS-PrePost 

*CONTROL_SOLUTION 

$#    soln       nlq     isnan     lcint 

         2         0         0       100 

*CONTROL_TERMINATION 

$#  endtim    endcyc     dtmin    endeng    endmas 

  1.300000         0     0.000     0.000     0.000 

*CONTROL_THERMAL_SOLVER 

$#   atype     ptype    solver     cgtol       gpt    eqheat     

fwork       sbc 

         1         0         3 1.0000E-4         8  1.000000  

1.000000     0.000 

*CONTROL_THERMAL_TIMESTEP 

$#      ts       tip       its      tmin      tmax     dtemp      

tscp      lcts 

         0  1.000000  0.100000     0.000     0.000  1.000000  

0.500000         0 

*CONTROL_TIMESTEP 

$#  dtinit    tssfac      isdo    tslimt     dt2ms      lctm     

erode     ms1st 

     0.000  1.000000         0     0.000     0.000         0         

0         0 

$#  dt2msf   dt2mslc     imscl 

     0.000         0         0 

*DATABASE_BINARY_D3PLOT 

$#      dt      lcdt      beam     npltc    psetid 

  0.010000         0         0         0         0 

$#   ioopt 

         0 

*BOUNDARY_PRESCRIBED_MOTION_SET 

$#    nsid       dof       vad      lcid        sf       vid     

death     birth 

         1         3         2         3  1.000000         

01.0000E+28     0.000 

*BOUNDARY_SPC_NODE 

(Omitted due to excess length) 

*BOUNDARY_TEMPERATURE_SET 

$#    nsid      lcid     cmult       loc 

         2         2  1.000000         0 

*PART 

$# title 

auto created 

$#     pid     secid       mid     eosid      hgid      grav    

adpopt      tmid 

         2         1         1         0         0         0         

0         1 

*SECTION_SOLID 

$#   secid    elform       aet 

         1         1         0 

*MAT_ELASTIC_VISCOPLASTIC_THERMAL_TITLE 

Elastic Viscoplastic 

$#     mid        ro         e        pr      sigy     alpha      

lcss 
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         1 1394.0000     0.000  0.350000 2.5000E+6     0.000         

0 

$#     qr1       cr1       qr2       cr2       qx1       cx1       

qx2       cx2 

     0.000     0.000     0.000     0.000     0.000     0.000     

0.000     0.000 

$#       c         p       lce      lcpr    lcsigy       lcr       

lcx    lcalph 

     0.000     0.000         1         0         0         0         

0         0 

$#     lcc       lcp 

         0         0 

*MAT_THERMAL_ISOTROPIC_TITLE 

Thermal Isotropic 

$#    tmid       tro     tgrlc    tgmult      tlat      hlat 

         1 1394.0000     0.000     0.000     0.000     0.000 

$#      hc        tc 

 570.90997  0.540000 

*INITIAL_STRESS_SOLID 

(Omitted due to excess length) 

*DEFINE_CURVE_TITLE 

Modulus 

$#    lcid      sidr       sfa       sfo      offa      offo    

dattyp 

         1         0  1.000000  1.000000     0.000     0.000         

0 

$#                a1                  o1 

        -240.8500061      2.5262755e+008 

        -208.5500031      2.5262755e+008 

        -176.2500000      2.5262755e+008 

        -143.9499969      2.5262755e+008 

        -111.6500015      2.5262755e+008 

         -79.3499985      2.5262755e+008 

         -47.0499992      2.5262755e+008 

         -14.7500000      2.5262755e+008 

          17.5499992      2.5262755e+008 

          49.8499985      2.5262755e+008 

          51.0999985      2.2250574e+008 

          52.3499985      1.9238395e+008 

          53.5999985      1.6226216e+008 

          54.8499985      1.3214036e+008 

          56.0999985      1.0201856e+008 

          57.3499985      7.1896760e+007 

          58.5999985      4.1774964e+007 

          59.8499985      1.1653167e+007 

          92.1500015      1.1653167e+007 

         124.4499969      1.1653167e+007 

         156.7500000      1.1653167e+007 

         189.0500031      1.1653167e+007 

         221.3500061      1.1653167e+007 

         253.6499939      1.1653167e+007 

         285.9500122      1.1653167e+007 

         318.2500000      1.1653167e+007 

         350.5499878      1.1653167e+007 
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         382.8500061      1.1653167e+007 

         415.1499939      1.1653167e+007 

         447.4500122      1.1653167e+007 

         479.7500000      1.1653167e+007 

         512.0499878      1.1653167e+007 

*DEFINE_CURVE_TITLE 

TempLoad 

$#    lcid      sidr       sfa       sfo      offa      offo    

dattyp 

         2         0  1.000000  1.000000     0.000     0.000         

0 

$#                a1                  o1 

               0.000          25.0000000 

           0.0010000          25.0000000 

           0.0279766          30.0000000 

           0.0574661          35.0000000 

           0.0886417          40.0000000 

           0.1217078          45.0000000 

           0.1569086          50.0000000 

           0.1945390          55.0000000 

           0.2349592          60.0000000 

           0.2786164          65.0000000 

           0.3260745          70.0000000 

           0.3780589          75.0000000 

           0.4355250          80.0000000 

           0.4997667          85.0000000 

           0.5725979          90.0000000 

           0.6566753          95.0000000 

           0.7561178         100.0000000 

           0.7783831         101.0000000 

           0.8015961         102.0000000 

           0.8258411         103.0000000 

           0.8512142         104.0000000 

           0.8778256         105.0000000 

           0.9058021         106.0000000 

           0.9352916         107.0000000 

           0.9664672         108.0000000 

           0.9995334         109.0000000 

           1.0347341         110.0000000 

           1.0723646         111.0000000 

           1.1127847         112.0000000 

           1.1564419         113.0000000 

           1.2039000         114.0000000 

           1.2558844         115.0000000 

*DEFINE_CURVE_TITLE 

BendLoad 

$#    lcid      sidr       sfa       sfo      offa      offo    

dattyp 

         3         0  1.000000  1.000000     0.000     0.000         

0 

$#                a1                  o1 

               0.000               0.000 

           0.0279766               0.000 

           0.0574661               0.000 
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           0.0886417               0.000 

           0.1217078               0.000 

           0.1569086               0.000 

           0.1945390               0.000 

           0.2349592               0.000 

           0.2786164               0.000 

           0.3260745               0.000 

           0.3780589               0.000 

           0.4355250               0.000 

           0.4997667               0.000 

           0.5725979               0.000 

           0.6566753               0.000 

           0.7561178               0.000 

           0.7783831               0.000 

           0.8015961      1.9711299e-006 

           0.8258411      1.3600801e-004 

           0.8512142      3.9462000e-004 

           0.8778256           0.0016069 

           0.9058021           0.0036093 

           0.9352916           0.0056128 

           0.9664672           0.0068243 

           0.9995334           0.0070829 

           1.0347341           0.0071960 

           1.0723646           0.0071960 

           1.1127847           0.0071960 

           1.1564419           0.0071960 

           1.2039000           0.0071960 

           1.2558844           0.0071960 

*SET_NODE_LIST_TITLE 

Load Nodes 

$#     sid       da1       da2       da3       da4    solver 

         1     0.000     0.000     0.000     0.000MECH 

$#    nid1      nid2      nid3      nid4      nid5      nid6      

nid7      nid8 

      7223      7561      7563      7565      7567      7569         

0         0 

*SET_NODE_LIST_TITLE 

(Omitted due to excess length) 

*NODE 

(Omitted due to excess length) 

*END 

E.1.5 SMP Nanocomposite Magnetically Disassembly Keyword File 

$# LS-DYNA Keyword file created by LS-PrePost 3.2 

*KEYWORD   

*TITLE 

$# title 

BeamBending4 

*CONTROL_ENERGY 

$#    hgen      rwen    slnten     rylen 

         2         1         1         1 

*CONTROL_HOURGLASS 

$#     ihq        qh 
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         1  0.100000 

*CONTROL_SOLUTION 

$#    soln       nlq     isnan     lcint 

         2         0         0       100 

*CONTROL_TERMINATION 

$#  endtim    endcyc     dtmin    endeng    endmas 

  0.700000         0     0.000     0.000     0.000 

*CONTROL_THERMAL_SOLVER 

$#   atype     ptype    solver     cgtol       gpt    eqheat     

fwork       sbc 

         1         0         3 1.0000E-4         8  1.000000  

1.000000     0.000 

*CONTROL_THERMAL_TIMESTEP 

$#      ts       tip       its      tmin      tmax     dtemp      

tscp      lcts 

         0  1.000000  0.100000     0.000     0.000  1.000000  

0.500000         0 

*CONTROL_TIMESTEP 

$#  dtinit    tssfac      isdo    tslimt     dt2ms      lctm     

erode     ms1st 

     0.000  0.800000         0     0.000     0.000         0         

0         0 

$#  dt2msf   dt2mslc     imscl 

     0.000         0         0 

*DATABASE_GLSTAT 

$#      dt    binary      lcur     ioopt 

  0.010000         0         0         1 

*DATABASE_MATSUM 

$#      dt    binary      lcur     ioopt 

  0.010000         0         0         1 

*DATABASE_BINARY_D3PLOT 

$#      dt      lcdt      beam     npltc    psetid 

  0.005000         0         0         0         0 

$#   ioopt 

         0 

*BOUNDARY_PRESCRIBED_MOTION_SET 

$#    nsid       dof       vad      lcid        sf       vid     

death     birth 

         3         3         2        11 -1.000000         

01.0000E+28     0.000 

*BOUNDARY_SPC_SET 

$#    nsid       cid      dofx      dofy      dofz     dofrx     

dofry     dofrz 

         1         0         1         1         1         1         

1         1 

*SET_NODE_LIST_TITLE 

(Omitted due to excess length) 

*BOUNDARY_TEMPERATURE_SET 

$#    nsid      lcid     cmult       loc 

         4        10  1.000000         0 

*LOAD_NODE_SET 

$#    nsid       dof      lcid        sf       cid        m1        

m2        m3 
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         2         3         9  1.000000         0         0         

0         0 

*PART 

$# title 

auto created 

$#     pid     secid       mid     eosid      hgid      grav    

adpopt      tmid 

         2         1         1         0         0         0         

0         1 

*SECTION_SOLID_TITLE 

Solid Section 

$#   secid    elform       aet 

         1         1         0 

*MAT_ARRUDA_BOYCE_RUBBER_TITLE 

Arruda Boyce 

$#     mid        ro         k         g         n 

         1 1393.8400 1.9618E+6 3.9105E+6        17 

$#    lcid     tramp        nt 

         0     0.000  6.000000 

*PART 

$# title 

boxsolid 

$#     pid     secid       mid     eosid      hgid      grav    

adpopt      tmid 

         3         1         1         0         0         0         

0         1 

*HOURGLASS 

$#    hgid       ihq        qm       ibq        q1        q2    

qb/vdc        qw 

         1         1  0.100000         0  1.500000  0.060000  

0.100000  0.100000 

*MAT_THERMAL_ISOTROPIC_TITLE 

thermal isotropic 

$#    tmid       tro     tgrlc    tgmult      tlat      hlat 

         1 1394.0000     0.000     0.000     0.000     0.000 

$#      hc        tc 

 570.90002  0.540000 

*DEFINE_CURVE_TITLE 

mechanical load 

$#    lcid      sidr       sfa       sfo      offa      offo    

dattyp 

         9         0  1.000000  1.000000     0.000     0.000         

0 

$#                a1                  o1 

               0.000               0.000 

           0.2103495               0.000 

           0.2266320               0.000 

           0.2434155               0.000 

           0.2607321               0.000 

           0.2786164               0.000 

           0.2971071               0.000 

           0.3162467               0.000 

           0.3360825               0.000 

           0.3566670               0.000 
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           0.3780589               0.000 

           0.4003242               0.000 

           0.4235372               0.000 

           0.4477822               0.000 

           0.4731553               0.000 

           0.4997667               0.000 

           0.5277432               0.000 

           0.5572328               0.000 

           0.5884084               0.000 

           0.6214744               0.000 

           0.6566753               0.000 

           0.6667530               0.000 

           0.6680974      2.1700000e-006 

           0.6693397      8.0899999e-006 

           0.6705819      1.9400000e-005 

           0.6717674      2.9700001e-005 

           0.6729808      4.7599999e-005 

           0.6744831      8.5200001e-005 

           0.6757841      1.8501600e-004 

           0.6767530      3.0099999e-004 

           0.7000000      3.0099999e-004 

*DEFINE_CURVE_TITLE 

tempload 

$#    lcid      sidr       sfa       sfo      offa      offo    

dattyp 

        10         0  1.000000  1.000000     0.000     0.000         

0 

$#                a1                  o1 

               0.000          25.0000000 

           0.0010000          25.0000000 

           0.0110190          26.0000000 

           0.0222653          27.0000000 

           0.0337483          28.0000000 

           0.0454783          29.0000000 

           0.0574661          30.0000000 

           0.0697233          31.0000000 

           0.0822624          32.0000000 

           0.0950965          33.0000000 

           0.1082398          34.0000000 

           0.1217078          35.0000000 

           0.1355167          36.0000000 

           0.1496844          37.0000000 

           0.1642299          38.0000000 

           0.1791739          39.0000000 

           0.1945390          40.0000000 

           0.2103495          41.0000000 

           0.2266320          42.0000000 

           0.2434155          43.0000000 

           0.2607321          44.0000000 

           0.2786164          45.0000000 

           0.2971071          46.0000000 

           0.3162467          47.0000000 

           0.3360825          48.0000000 

           0.3566670          49.0000000 
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           0.3780589          50.0000000 

           0.4003242          51.0000000 

           0.4235372          52.0000000 

           0.4477822          53.0000000 

           0.4731553          54.0000000 

           0.4997667          55.0000000 

           0.5277432          56.0000000 

           0.5572328          57.0000000 

           0.5884084          58.0000000 

           0.6214744          59.0000000 

           0.6566753          60.0000000 

           0.7347259          62.0000000 

           0.8258411          64.0000000 

           0.9352916          66.0000000 

           1.0723646          68.0000000 

           1.2558844          70.0000000 

*DEFINE_CURVE_TITLE 

magnet motion 

$#    lcid      sidr       sfa       sfo      offa      offo    

dattyp 

        11         0  1.000000  1.000000     0.000     0.000         

0 

$#                a1                  o1 

               0.000               0.000 

           0.2103495               0.000 

           0.2266320               0.000 

           0.2434155               0.000 

           0.2607321               0.000 

           0.2786164               0.000 

           0.2971071               0.000 

           0.3162467               0.000 

           0.3360825               0.000 

           0.3566670               0.000 

           0.3780589               0.000 

           0.4003242               0.000 

           0.4235372               0.000 

           0.4477822               0.000 

           0.4731553               0.000 

           0.4997667               0.000 

           0.5277432               0.000 

           0.5572328               0.000 

           0.5884084               0.000 

           0.6214744               0.000 

           0.6566753               0.000 

           0.6667530               0.000 

           0.7000000           0.0141000 

*SET_NODE_LIST_TITLE 

Load Nodes 

$#     sid       da1       da2       da3       da4    solver 

         2     0.000     0.000     0.000     0.000MECH 

$#    nid1      nid2      nid3      nid4      nid5      nid6      

nid7      nid8 

        95       433       435       437       439       441         

0         0 
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*SET_NODE_LIST_TITLE 

(Omitted due to excess length) 

*SET_NODE_LIST_TITLE 

(Omitted due to excess length) 

*SET_PART_LIST 

$#     sid       da1       da2       da3       da4    solver 

         1     0.000     0.000     0.000     0.000MECH 

$#    pid1      pid2      pid3      pid4      pid5      pid6      

pid7      pid8 

         2         0         0         0         0         0         

0         0 

*SET_SEGMENT_TITLE 

Load 

$#     sid       da1       da2       da3       da4    solver 

         1     0.000     0.000     0.000     0.000MECH 

$#      n1        n2        n3        n4        a1        a2        

a3        a4 

      1510      1509      1468      1469     0.000     0.000     

0.000     0.000 

      1264      1263      1222      1223     0.000     0.000     

0.000     0.000 

      1551      1550      1509      1510     0.000     0.000     

0.000     0.000 

      1305      1304      1263      1264     0.000     0.000     

0.000     0.000 

      1346      1345      1304      1305     0.000     0.000     

0.000     0.000 

      1387      1386      1345      1346     0.000     0.000     

0.000     0.000 

      1428      1427      1386      1387     0.000     0.000     

0.000     0.000 

      1182      1181      1140      1141     0.000     0.000     

0.000     0.000 

      1469      1468      1427      1428     0.000     0.000     

0.000     0.000 

      1223      1222      1181      1182     0.000     0.000     

0.000     0.000 

*SET_SEGMENT_TITLE 

Load Segment 

$#     sid       da1       da2       da3       da4    solver 

         2     0.000     0.000     0.000     0.000MECH 

$#      n1        n2        n3        n4        a1        a2        

a3        a4 

      3564      3563      3502      3503     0.000     0.000     

0.000     0.000 

      3320      3319      3258      3259     0.000     0.000     

0.000     0.000 

      3076      3075      3014      3015     0.000     0.000     

0.000     0.000 

      3381      3380      3319      3320     0.000     0.000     

0.000     0.000 

      3137      3136      3075      3076     0.000     0.000     

0.000     0.000 
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      3442      3441      3380      3381     0.000     0.000     

0.000     0.000 

      3198      3197      3136      3137     0.000     0.000     

0.000     0.000 

      3503      3502      3441      3442     0.000     0.000     

0.000     0.000 

      3259      3258      3197      3198     0.000     0.000     

0.000     0.000 

      3015      3014      2953      2954     0.000     0.000     

0.000     0.000 

*INTERFACE_SPRINGBACK_LSDYNA 

$#    psid      nshv     ftype 

         1         0         0 

*ELEMENT_SOLID 

(Omitted due to excess length) 

*NODE 

(Omitted due to excess length) 

*END 

 


