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Lay abstract 

Shape memory polymer (SMP) is stimuli-responsive capable of “memorizing” 

a temporary shape and yet recovering to its permanent shape upon a certain 

external trigger. SMPs are widely studied and applied in the areas of aerospace, 

biomedicine, textile, etc. On the other hand, a reversible shape memory polymer 

(RSMP) is a new type of SMP that can shift back and forth between two different 

temporary shapes without the need of reprogramming between transitions, and 

has been applied in soft actuators, microrobotics, and artificial muscles. In this 

thesis, unique polyolefin-based RSMP were developed with good reprocessability 

and shown in new application scenarios. Firstly, a thermoplastic semicrystalline 

polymer was demonstrated to exhibit the reversible shape memory effect (RSME) 

by using a lab-designed ethylene/1-octene diblock copolymer and commercial 

polyolefin elastomer blends. Subsequently, the reprocessability of a crosslinked 

poly(ethylene-co-vinyl acetate) (PEVA) RSMP was improved by introducing a 

dynamic covalent polymer network. Finally, transitional changes between shapes 

was amplified by developing a RSMP foam by utilizing polyolefin elastomer 

blends. This thesis represents significant progress in the study of polyolefin-

based RSMPs. 
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Abstract 

A shape memory polymer (SMP) is stimuli-responsive with the fantastic 

capacity to “memorize” a temporary shape under certain conditions and to 

recover to its permanent shape upon exposure to certain external stimulus (e.g. 

heat, light, electromagnetic field). In the past few decades, various SMPs have 

been investigated and applied in the area of aerospace, biomedicine, and textiles, 

etc. Recently, a special type of SMP called a ‘two-way reversible shape memory 

polymer’ or ‘reversible shape memory polymer’ (RSMP) capable of transitioning 

between two temporary shapes without the need for reprogramming after each 

change has attracted the attention of many researchers. In this class of polymer, 

the semicrystalline RSMP was studied considerably due to the various chain 

structures produced by relatively simple synthesis routes. The crystallization-

induced elongation (CIE) and melting-induced contraction (MIC) of the oriented 

crystal domains has been theorized as the main mechanism of semicrystalline 

RSMP. However, most RSMPs are predominantly thermosets, which implies 

significant drawbacks regarding reprocessing and recycling.  

This thesis focuses on the development of RSMP based on polyolefin 

materials, especially novel high-performance polyolefin elastomers, due to the 

advantages of high crystallizability, varying chain structures, tunable and broad 

melting transitions, and low cost. The thesis starts off by demonstrating the 

reversible shape memory effect (RSME) of the thermoplastic ethylene/1-octene 

diblock copolymer, which contains the ethylene-rich hard segments and the 1-
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octene-rich soft segments. The delicately designed chain structure exhibited a 

broad melting transition and strong physical crosslinks, which contributed to the 

resulting RSME and the CIE/MIC effect at load-free conditions. Furthermore, the 

commercially available polyolefin elastomer blends demonstrated the RSME. The 

utilization of commercial products and simple processing method to achieve a 

thermoplastic RSMP offers easy production in large scale and low costs. The 

second part of the thesis developed a polyolefin-based RSMP with reconfigurable 

network by introducing a transesterification catalyst into a crosslinked 

poly(ethylene-co-vinyl acetate). The network reconfiguration achieved a dynamic 

covalent polymer network by breaking the ester bonds and reconnecting. The 

third part of the thesis explored a new RSMP foam material developed by utilizing 

polyolefins. The polyolefin elastomers of differing compositions were blended and 

foamed to fabricate the porous structure. The RSME in a load-free condition was 

then demonstrated successfully. This thesis represents significant progress in the 

development of polyolefin-based RSMPs, outlining new structural design, 

processability improvements, and potential applications. 
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1 INTRODUCTION 

This chapter gives an overview of the research objectives and the thesis 

organization. 

 

§ 1.1 Introduction 

As a representative stimuli-responsive polymer, shape memory polymers can 

memorize one or several temporary shapes and recover to their permanent 

shape under external triggering conditions, such as heat, light, electromagnetic 

field, etc. Nowadays, shape memory polymers have attracted many researchers 

due to their fantastic advantages of low cost, wide sources, light weight, tunable 

structures and properties. They show great potential in both academia and 

industry, especially in the fields of textiles, aerospace facilities and biomedical 

devices. 
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The more or less conventional one-way shape memory effect, which means 

the shape-changing direction is one-way during a programming-recovering cycle, 

is a great drawback for the shape memory polymers applying in applications such 

as microrobots, artificial muscles. Recently, a series of soft actuators based on 

shape memory polymers have been reported. These novel actuators can shift 

between their different temporary shapes driven by external stimuli and without 

the need of new programming step. This novel shape memory polymer with 

bidirectionally shape-changing ability was thus named as two-way shape memory 

polymer or reversible shape memory polymer. The mechanism of crystallization-

induced elongation (CIE) and melting-induced contraction (MIC) are critical to the 

transition in shapes.  

Till now, reported semicrystalline reversible shape memory polymers have 

been mainly polyester, polyether and polyolefin materials. However, single-

component polyester or polyether-based reversible shape memory polymers 

require an external force to induce the oriented crystallization necessary to 

achieve the reversible shape memory effect, making them only “quasi-reversible”. 

They usually need other polymer components to achieve a fully reversible shape 

memory effect under load-free conditions, which increases the complexity of their 

synthesis and hence increases their production costs. In comparison, polyolefin 

materials have been largely overlooked as reversible shape memory polymers 

but offer the advantages of high crystallizability, various chain structures, tunable 

and broad melting transitions near room temperature. Their excellent 
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weatherability, chemical resistance, and low cost would also be advantages for 

potential applications.  

Most of the current reversible shape memory polymers are thermosets and 

their permanent shapes cannot be reconfigured, which is an obvious drawback 

for their re-processing and recycling. Thus, exploration of thermoplastic reversible 

shape memory polymer systems is of great significance for applications. 

Thus, this thesis focuses on the development of reversible shape memory 

polymers based on thermoplastic polyolefin materials, especially the novel high-

performance polyolefin elastomers. As the world’s most consumable polymer 

material, polyolefin-based materials have many commercially available products, 

various polymerization methods, and precisely controllable chain structure, so 

that appropriate materials with much needed broad melting transitions can be 

developed to produce novel reversible shape memory polymers. The resulted 

materials will expand on the application areas of polyolefin-based materials. 

§ 1.2 Research objectives 

The thesis is organized to introduce several new polyolefin-based reversible 

shape memory polymers. It first demonstrates the reversible shape memory 

effects of pure polyolefins and provides a simple method for their production on 

large scale. The subsequent studies introduced a polyolefin-based reversible 

shape memory polymer with reconfigurable network structure, along with its 



Ph.D. Thesis – Yuan Gao McMaster University – Chemical Engineering 

4 

application as the foam material. The research objectives of each chapter are 

summarized in detail below. 

• To develop a novel thermoplastic reversible shape memory polymer based 

on lab-designed polyolefin elastomer materials with precise chain structure 

control. (Chapter 3) 

• To fabricate commercially available thermoplastic polyolefin elastomer 

blend systems to realize reversible shape memory effect (Chapter 4) 

• To develop a reversible shape memory polymer with a dynamic covalent 

network by poly(ethylene-co-vinyl acetate) system to realize both good 

shape reversibility and re-processability. (Chapter 5) 

• To apply reversible shape memory polymer in polyolefin elastomer foam 

materials (Chapter 6) 

§ 1.3 Thesis organization 

This thesis is organized in the “sandwich” style and includes seven chapters. 

Chapter 3 and Chapter 5 represent two published research articles in peer-

reviewed journals, while Chapter 4 and Chapter 6 represent two prepared 

manuscripts for peer-review journals. The published articles were copied into the 

thesis with copyright permits from the publishers placed at the beginning of each 

chapter. The numbers of all the tables and figures of the copied articles have 

been adjusted for consistency throughout the thesis, while the bibliographic 

formats have been modified.  
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This thesis starts from Chapter 2 with a literature review of shape memory 

polymers and focuses on the current development of reversible shape memory 

polymers and the application of polyolefin materials in shape memory polymers. 

This review indicates that this class of material is full of opportunities and 

challenges to fabricate reversible shape memory polymers from new materials 

and with new functions. 

The following chapters report studies on various polyolefin-based elastomers 

applied in multiple and reversible shape memory polymer. 

Since chemical crosslinks are often considered necessary in a reversible 

shape memory polymer, which limits the re-processability or recyclability, it is a 

challenge to develop the thermoplastic reversible shape memory system. 

Chapter 3 focuses on a thermoplastic polyolefin elastomer as a potential 

reversible shape memory polymer. Several lab-designed ethylene/1-octene 

diblock copolymers with well-controlled hard block and soft block contents are 

investigated. The new thermoplastic polyolefin elastomers are demonstrated with 

broad melting transitions as well as broad crystal size distributions. This delicate 

structure design endows the diblock copolymers with not only multi-shape 

memory effects but also a novel reversible shape memory effect. The mechanism 

of the reversible shape memory effect is also confirmed to be based on 

crystallization-induced elongation (CIE) and melting-induced contraction 

(MIC). .This diblock copolymer with precise chain structure design and control is 
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the first pure hydrocarbon thermoplastic polyolefin material that can be 

demonstrated the reversible shape memory effect. It also expands the application 

of polyolefin elastomers in the smart polymer field. 

However, lab-designed polyolefin elastomers with precise chain structure 

control will be limited in their manufacture on a large scale and can result in high 

production costs. It is a challenge to fabricate reversible shape memory polymers 

economically. Furthermore, in Chapter 4, a simple blending method is introduced 

to fabricate thermoplastic reversible shape memory polymers based on 

commercially available polyolefin elastomers. Several thermoplastic polyolefin 

elastomers are blended in the different recipes and the resulting elastomer 

blends demonstrate broad melting transitions. The crystal size distributions of the 

blends are also broadened during blending. The resulted elastomer blends 

demonstrate one-way dual- and multi-shape memory effects as well as a 

reversible shape memory effect. The mechanism of the reversible shape memory 

effect is confirmed at the end. This chapter demonstrates a simple blending 

method, which can be used for fabricating thermoplastic reversible shape 

memory polymers. This method also expands the material resource for reversible 

shape memory polymers. The commercially available raw materials will also help 

to produce reversible shape memory polymer in large scale. 

Chapter 5 reports on an idea to improve the re-processability of crosslinked 

poly(ethylene-co-vinyl acetate) (PEVA) reversible shape memory polymers. Once 



Ph.D. Thesis – Yuan Gao McMaster University – Chemical Engineering 

7 

a transesterification catalyst is introduced into a crosslinked PEVA system, the 

system becomes a dynamic covalent polymer network, which can achieve 

network reconfiguration through ester bonds breaking and reconnecting. The 

resulted system has also demonstrated the orthogonality between the reversible 

shape memory effect and network reconfiguration. Thus, the reprocessing of the 

permanent shape of the current PEVA system can be achieved. This work is the 

first attempt to introduce the dynamic covalent network into polyolefin-based 

reversible shape memory polymer. It provides an opportunity for the design and 

synthesis of shape memory polymers having good reprocessing, mechanical and 

reversible shape memory properties through simple modification of commercially 

available polymers.  

Chapter 6 focus on one application of polyolefin-based reversible shape 

memory polymer in foams. Several polyolefin foams are fabricated with different 

polyolefin elastomer blends using a chemical blowing agent and a crosslinking 

agent. The resulted foams demonstrate the reversible shape memory effect 

successfully in tension and bending modes. The mechanism of the reversible 

shape memory effect is also discussed in the context of a foam. Since all current 

reversible shape memory polymer foams are based on polycaprolactone 

materials, this work is the first reversible shape memory polymer foam fabricated 

by polyolefin elastomer blends. It shows the various possibility of application of 

commercially available polyolefin-based reversible shape memory polymers. 
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Chapter 7 is the conclusion of the thesis and summarizes all the 

contributions and recommendations for further research. 
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2 LITERATURE REVIEW 

This chapter presents a literature review on shape memory polymers, with a 

brief introduction followed by recent developments of reversible shape memory 

polymers. It summarizes all types of current reversible shape memory polymer 

materials. 

 

§ 2.1 Abstract 

In the past few decades, remarkable progresses have been made in shape 

memory polymers due to the development of mechanism knowledge, structure 

design, and synthesis methods. Shape memory polymers have potential 

applications in biomedicine, aerospace, and textures. In this chapter, a brief 

overview of shape memory polymers is discussed in terms of phenomena, 

mechanisms, and behaviors. An overview on the novel reversible or two-way 
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shape memory polymers will also be provided, followed by the recent 

developments in this field. Lastly, the unique class of polyolefin-based shape 

memory polymers is discussed.  

§ 2.2 Introduction 

In recent times, smart materials (otherwise known as stimuli-responsive 

materials) have been developed in an increasingly rapid manner for their 

significant roles in human life. As a representative type of smart materials, shape 

memory polymer is considered as a material that can “memorize” a temporary 

shape during a programming step under appropriate conditions, and recover to 

its permanent shape when exposed to an external stimulus, such as heat, light, 

electric and magnetic field, redox, pH, solvents, and etc. The full category of 

shape memory materials includes shape memory alloys, shape memory ceramics, 

and shape memory polymers (SMP). Among them, SMP has attracted the most 

attention in both academia and industry due to its advantages of low cost, light 

weight, good processability, various types, and easy modification. Due to their 

interesting and unique behaviors, SMPs have been considered for many potential 

applications in such areas as textiles, biomedical devices, aerospace facilities, 

etc.1-7  

Although widely and deeply studied since the 1990s, SMPs were actually 

reported and applied industrially more than half a century ago. The earliest 

reported SMP could be traced to a US patent in the 1940s,8 in which an “elastic 
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memory” was described in some materials. Then in the 1960s, a heat shrinkable 

polyethylene was commercialized, which was considered a SMP.9 In 1984, the 

word “shape memory polymer” was applied to the development of a 

polynorbornene-based SMP, which was fabricated by CdF Chimie Company 

(France).10 From then on, the development of SMP has been growing fast, first in 

industrial research and later in academic research. Various mechanisms and 

types of SMPs have been investigated, with quite a few reviews published in the 

field.11-19 

SMPs can be classified in different ways. Using the external trigger as the 

means to classify, there are thermally-induced SMP,20 light-induced SMP,21 

electricity-induced SMP,22 magnet-induced SMP,23 etc. When the classification is 

focused on the reversible switch for fixing a temporary shape, there are 

crystalline SMP,24 and amorphous SMP.25 When the classification focuses on the 

number of temporary shapes that a SMP can hold, there are dual-SMP,26 triple-

SMP,27 and multi-SMP.28 And when the shape-changing direction is the means of 

classification, there are one-way SMP,29 and two-way or reversible SMP.30 The 

simplest SMP is typically thermally-induced one-way dual-SMP, which is an ideal 

model polymer for studies on the phenomenon and mechanism of shape memory 

effects (SME). 

The demonstration of a typical shape memory cycle for a thermally-induced 

one-way dual-SMP is shown in Figure 2.1, including a programming step and a 

recovery step. The SMP usually needs a pre-processing step, such as pressing, 
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extrusion, etc., to set the “permanent shape” or the original shape. In the 

programming step, the SMP is heated to a programming temperature (𝑇𝑝) above 

a certain “switch temperature” (𝑇𝑠𝑤), but below the pre-processing temperature. 

An external force is then added to the SMP to set the temporary shape. This 

external force is applied as the SMP is being cooled from 𝑇𝑝 to a low temperature 

(𝑇𝑙𝑜𝑤) below 𝑇𝑠𝑤 . Once the external force is removed, the temporary shape is 

fixed, that is, the temporary shape is “memorized”. In the following recovery step, 

the SMP is reheated to 𝑇𝑝 , and the fixed temporary shape recovers to its 

permanent shape. Thus, a typical shape memory cycle is completed. 

In quantitative SME studies, dynamic mechanical analysis (DMA) is usually 

used for “memory” measurements in the tension mode. In a thermally-induced 

dual-SME test, the strain of the permanent shape for a SMP sample at 𝑇𝑝  is 

recorded as 𝜀𝑓0. In the programming step, the external force stretches the sample 

to a maximum strain 𝜀𝑚, while temperature decreases from 𝑇𝑝 to 𝑇𝑙𝑜𝑤. When the 

external force is removed, the sample usually recovers a little until a temporary 

shape is fixed and its fixed strain is 𝜀𝑓 . In the recovery step, the temperature 

increases again to 𝑇𝑝  and the SMP sample begins to shrink to its permanent 

shape and finally reaches the recovery strain 𝜀𝑟 . However, the sample strain 

usually cannot completely recover to 𝜀𝑓0, due to stress relaxation during the test. 

From the DMA measurements, there are two important parameters, which must 
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be calculated in the quantitative evaluation of SME: the shape fixing ratio (𝑅𝑓) 

and the shape recovery ratio (𝑅𝑟):20 

𝑅𝑓 =
𝜀𝑓 − 𝜀𝑓0

𝜀𝑚 − 𝜀𝑓0
  

𝑅𝑟 =
𝜀𝑓 −  𝜀𝑟

𝜀𝑓– 𝜀𝑓0
 

The shape fixing ratio represents the ability of SMP to fix the temporary shape, 

while the shape recovery ratio represents the ability of SMP to recover its 

permanent shape. For an ideal SMP, both the shape fixing ratio and the shape 

recovery ratio should be 100%. 

The measurement methods and the important parameters for multi-SME and 

reversible SME are similar to those described above, which will be discussed in 

the following chapters. 

 

Figure 2.1. Schematic illustration of a one-way thermally-induced dual-

SME.1 
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§ 2.3 One-way shape memory polymers 

A conventional SMP has one-way SME, which can be programmed and fixed 

into one temporary shape at a time under certain conditions and which can be 

subsequently transformed back to its permanent shape under an external trigger, 

such as heat, light, etc. 

A typical mechanism of SMP is as follows. Generally speaking, a SMP 

possesses at least two structures, one is a stable network and the other is a 

reversible switch transition, that can respond to an external trigger.18 As shown in 

Figure 2.2, the stable network fixes a permanent shape of the SMP material. The 

deformation of this phase induces an entropic elasticity for shape recovery. This 

stable network can be achieved by chemical or physical crosslinks. The 

reversible switch transition can be phase segregation or a reversible crosslinking. 

It can fix the temporary shape by two types of interactions. The first is a 

separated phase formed by crystallization or glass transition, for example. The 

second is crosslinks containing reversible covalent bonds or non-covalent bonds, 

for example. Among them, the most important reversible switch transitions are 

melting transition and glass transition. The melting transition can be utilized in 

crosslinked elastomers and semicrystalline polymers, as well as some 

thermoplastic polymers. Polyolefin,31, 32 polyethers,33, 34 and polyesters35, 36 are 

the most investigated SMPs that take advantage of melting transitions. These 
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SMPs are often stiffer and have faster recovery than other SMPs.4 The glass 

transitions can similarly be utilized in chemically crosslinked or thermoplastic 

polymers, such as epoxy,20, 25 polyurethane,37, 38 and polymethacrylate 

networks.39, 40 These SMPs often have slower recovery than other SMPs 

because of their relatively broad glass transitions.6 Actually, those SMPs utilizing 

melting transitions can also feature glass transitions for the reversible switch 

transitions. However, since their glass transition temperatures are usually much 

lower than room temperature, these SMEs using their glass transition 

temperatures as 𝑇sw are not discussed. 

 

Figure 2.2. General structure of SMPs consisting of a stable network, which 

fixes the permanent shape and a reversible switch, which can fix temporary 

shape and can be triggered by external stimuli.18 
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The temporary shape can also be fixed by reversible crosslinks. Several 

examples utilizing reversible covalent bonds and supramolecular interactions 

have been reported, such as bonds formed by Diels-Alder reaction,41, 42 and 

hydrogen bonds.43, 44 

In considering the mechanism of some thermally-induced SMPs, if the 

fixation interaction can be regarded as a “lock” that fixes the temporary shape, 

the “key” will be the trigger, which is heat in this case. This “key-lock” model can 

be helpful for us to understand the mechanism of SME. 

It is easy to understand that, in a SMP, the number of locks is always equal 

to the number of temporary shapes, while the number of keys may not be the 

same temperature. This understanding can result in a multi-SMP material, which 

can fix and recover at least two temporary shapes, as shown in Figure 2.3, in 

contrast to the examples described above. The polymer transforms from one 

shape to another, induced by one trigger (usually heat). There are two important 

strategies for the design of multi-SMPs: (i) introducing multiphase structures to 

the polymer material; or (ii) utilizing polymers with a very broad thermal transition. 

The latter strategy is more popular in research due to the simple requirement 

whereas many polymers can fit, such as gradient styrene/methyl acrylate 

copolymer,45 PMMA/PEG semi-interpenetrating polymer network,46 and some 

commercially available polymers, e.g. Nafion.28, 47 Those materials have a broad 

glass transition or melting transition, and as a result, the triple-SME and even 

quadruple-SME of the polymers have been demonstrated. 
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Figure 2.3. Visual illustration of a triple-SME.48 

SMP has been widely applied in the areas of wrapping, aerospace, 

biomedicine, and textile. The early application of SMP was heat-shrinkable tubes 

made of polyethylene for insulation protection of cable connections.31 Based on 

the same idea, heat shrinkable films made of SMP are now widely used in the 

wrapping industry. The advantages of SMP, such as light weight and low cost, 

are useful for fabricating self-deployable structures, such as solar arrays, solar 

sails, and sunshields in the aerospace industry.14 SMP can also be applied in 

biomedical areas by selecting appropriate materials and processing methods to 

obtain biocompatible SMPs. Lendlein et al.49 generated a self-tightening suture 

with biodegradable polyester SMP. The suture was first deformed to an 

elongated form, and then used to close up the wound. The loose suture shrinks 

at body temperature to tighten the knot, avoiding secondary damage during 
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surgery. Similarly, Erndt-Marino et al.50 prepared a biocompatible PCL foam 

material to repair irregularly damaged bones. 

§ 2.4 Reversible shape memory polymers 

Some categories of conventional SMPs have been reviewed. All of them are 

one-way SMPs, that is, the direction of shape changing is one-way during a 

programming-recovering process and the polymers cannot change between two 

shapes without external deformation.51, 52 This is a great drawback of 

conventional SMPs for many applications.  In fact, there are some investigations 

aiming to solve this problem. The key is to introduce an internal “driving force” to 

the SMP system for the back transformation in order to achieve a reversible 

shape memory effect (RSME), which is challenging. 

An approach for design of reversible shape memory polymers (RSMPs) is 

based on liquid crystal elastomers (LCE),53, 54 which exhibit reversible 

contraction/extension behavior between its anisotropic and isotropic phases.55 A 

LCE expands when the temperature is below its transition temperature due to an 

orientation effect. The discovery of this phenomenon opened doors to achieving 

RSMPs. However, the difficulty in synthesis of the materials limits research in 

their production and applications. 
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Figure 2.4．Schematic illustration of the RSME achieved by polymer 

laminates.17 

Another approach for making RSMPs is to fabricate polymer laminate 

materials. Pre-programmed dual-SMP is combined with an elastic polymer into a 

laminate structure, as shown in Figure 2.4. The recovery force of SMP can be an 

internal driving mechanism to achieve reversible shape change. Chen et al.56, 57 

pre-programmed a shape memory polyurethane (SMPU) film by stretching into a 

film and then adhered to a non-stretched elastic polyurethane (PU) film to form a 

laminate structure. Upon heating, the pre-programmed SMPU layer shrunk and 

drove the whole sample to bend towards the SMPU side. A temporary shape was 

fixed when the recovery force of SMPU layer was equal to the bending force of 

PU layer. Upon cooling, the bending PU layer acted as a spring and reversed the 

sample to another temporary shape, while SMPU layer was stretched again. After 

two cycles of heating and cooling between 25 °C and 60 °C, this shape-changing 

cycle became stable and the RSME was achieved. Tamagawa et al.58 combined 

a carbon fiber reinforced epoxy layer and a pure epoxy layer to make a laminate. 
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Due to the significantly different thermal expansion coefficients between the two 

layers, upon heating, the layer with the high expansion coefficient experienced a 

higher volumetric rate change, leading to the laminte bending toward the side of 

the other layer. Upon cooling, it would also reverse back in its shape. Though the 

mechanism was different from that in Chen’s work, it also achieved a RSME.  

Based on the same idea, Westbrook et al.59 designed a core-shell structure 

to achieve RSME. They used pre-stretched crosslinked polycyclooctene (PCO) 

as its core and affixed an elastic matrix as a shell to fabricate RSMP. Its 

reversible ratio reached 10%. 

It is a simple method to achieve RSME by fabricating polymers into laminate 

or core-shell structures. However, this method has many limitations. For example, 

the reversible shape changes can be achieved only between bending shapes. 

A comparable behavior to LCE was found within semicrystalline polymer 

systems. In 2008, Chung et al.60 first reported PCO with chemical cross-linking 

that featured a crystallization-induced elongation (CIE) upon cooling and a melt-

induced contraction (MIC) upon heating under an external stress, which resulted 

in RSME. When an external force was applied to the sample at a temperature 

higher than PCO’s melting temperature, the strain increased to a value ε1 as the 

PCO chains became oriented in the stretching direction. Upon cooling, the 

crystals in the PCO sample formed from the oriented chains and led to an 

elongation in the stretching direction up to a strain 𝜀2 , due to CIE. With the 
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remaining external force, the oriented crystals melted upon heating and the 

sample contracted to a strain 𝜀3, due to MIC. The sample’s extent of strain could 

shift between 𝜀2 and 𝜀3 during the cycles of heating and cooling under an external 

force and hence, demonstrated RSME. Later, Zotzmann et al.61 reported the CIE 

and MIC effect in poly(ω-pentadecalactone) (PPD) and poly(ε-caprolactone) 

(PCL) networks. However, since an external force was required to realize RSME, 

that is, the only programming method was stretching, the application of this 

material was also limited. Development of semicrystalline RSMPs with an internal 

driving force was desired. 

Various approaches have been attempted to construct semicrystalline RSMP 

systems applicable under stress-free conditions. Recently, there were a few 

reports on the progress in this field. The reported work can be divided into two 

categories: i) by one-step crosslinking, and ii) by two-step crosslinking. 

For one-step crosslinked polymers, there are crystal domains and 

amorphous domains co-existing in a single semicrystalline polymer network 

having a broad range of transition temperatures. The oriented polymer chains 

can be fixed first by crystal domains of relatively high melting temperature, that 

act as a skeletal framework. Li et al.62 demonstrated that crosslinked 

poly(ethylene-co-vinyl acetate) (PEVA) could exhibit RSME. Behl et al.63 

extended the research of crosslinked PEVA and further studied the thermal 

memory effect of PEVA. Zhou et al.30 systematically studied a poly(octylene 

adipate) (POA) network that also exhibited a broad melting transition and RSME. 
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The authors synthesized POA networks with multiple components, as well as with 

different crosslink densities and switch temperatures. They revealed that the key 

factor affecting RSME was crosslink density. In their report, RSME of POA 

increased initially with crosslink density, but decreased then if the crosslink 

density was higher than 70%. It was believed that almost any crosslinked 

semicrystalline elastic polymer would exhibit RSME using some programming 

method and an appropriate temperature range. Besides the above single 

component RSMPs, various polymer networks containing multiple components 

have also been studied. Behl et al.64 synthesized a polyesterurethane (PEU) 

network with PPD and PCL segments. The two polyesters provided a high 𝑇𝑚 

around 64 °C and a low 𝑇𝑚  around 34 °C, respectively, that is, the polymer 

contained two types of crystalline phases with two distinguishable melting 

temperatures. The crosslinked network kept the permanent shape by having the 

oriented PPD crystal domains with high 𝑇𝑚  acting as a skeleton. When the 

temperature decreased, the PCL crystals crystallized along with the skeleton as 

the CIE effect. This design is ideal in realizing RSME without an external stress. 

The material had a high reversible strain and a switch temperature that could be 

adjusted to body temperature for biomedical applications. Saatchi et al.65 

synthesized polycaprolactone/n-butyl acrylate copolymer with a broad melting 

transition and demonstrated RSME at human body temperature. When the 

crystal domain content increased, the reversible strain increased from 12.5% to 

17.1%. Yang et al.66 reported that poly(ethylene glycol)/n-butyl acrylate (PEG/BA) 
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copolymer network could exhibit body temperature responsive RSME and 

moisture responsive RSME. The RSME could be tuned by adjusting the 

molecular weight of PEG and BA contents.  

In the one-step crosslinked semicrystalline RSMPs, different melting 

transition temperatures are required for both single component and multiple 

component polymers. The chemical crosslinks fix the permanent shape. The 

large crystal domains of high melting temperature fix the oriented polymer chains, 

whereas the small crystal domains act as actuators through the elongation and 

contraction of the polymer. A single component RSMP is affected by its crosslink 

density and switch temperature, while a multiple component RSMP is affected by 

the combined influence of crosslink density and component contents. 

In the two-step crosslinked RSMPs, the first crosslinking step aims to fix the 

permanent shape of the polymer, while the second crosslinking step aims to fix 

the oriented polymer network after deformation by an external stress, in contrast 

to the one-step crosslinked RSMP where the oriented polymer network is fixed by 

large crystal domains of high melting temperature. Wu et al.67 synthesized an 

interpenetrating polymer network (IPN) by PCL and poly(tetramethylene ether) 

glycol (PTMEG). In their report, PCL was first crosslinked by UV light. The 

resulting gel was stretched to 100% strain. PTMEG was then crosslinked at 80 °C 

to fix the oriented PCL network. In the IPN, the PCL crystal domains acted as the 

actuator, while the elastic PTMEG network acted as the spring to provide an 

internal reversing force. The reversible strain could reach 5.5%. Meng et al.68 
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studied a PCL/polyacrylate system. They first crosslinked PCL network by thiol-

ene reaction and then stretched the polymer to several specified strains. The 

dangling acrylates were then subsequently crosslinked by UV light. A RSME was 

demonstrated with the reversible strain higher than 15%. Fan et al.69 used a 

single crosslinker to realize a two-step crosslinking process with the SBS/PU 

system. The PCL-based PU was first crosslinked by trimethylolpropane tris(3-

mercaptopropionate) (TMPMP) at 60 °C. The polymer was then stretched to 500% 

strain and cooled to room temperature. In the second step, crosslinking occurred 

in the SBS phase, and between the SBS and PU phases, when the polymer was 

exposed to UV light. The reversible strain was 8.7% in the following seven cycles 

of heating and cooling between -20 °C and 60 °C. It should be noted that all of 

the above reported RSMPs were covalently crosslinked during the second 

crosslinking step, that is, the shapes of these RSMPs are not reconfigurable or 

recyclable. Jin et al.70 utilized reversible covalent bonds to tackle the problem. 

They added nitro-cinnamic acid to PCL network, which could undergo photo-

reversible dimerization, when exposed to 312 nm and 254 nm UV light. The 

introduced reversible covalent bonds improved recyclability and reprocessability 

of RSMP after crosslinking, and also provided new synthesis routes for 

fabricating novel RSMPs. However, there are still some remaining challenges. 

First, the synthetic route was not simple, which limited their large-scale 

fabrication. Second, they could not be easily reprocessed because of the 

thermoset nature. 
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Figure 2.5. Illustration of RSME achieved by polyesterurethane (PEU) 

network with PPD and PCL segments.64 

Thermoplastic RSMPs have rarely been reported so far. Recently, Lu et al.71 

found that a commercial ionomer, semi-crystalline poly(ethylene-co-methacrylic 

acid), could exhibit tunable reversible actuation. Shortly after, Biswas et al.72 

reported a thermoplastic polyurethane that exhibited reversible shape memory 

performance. In the well-designed PU, soft segments acted as actuator domains, 

which expanded with cooling and collapsed with heating. The hard segments 

acted as a skeleton and facilitated crystallization of the soft segments. 

Thermoplastic polymers have clear advantages in regards to ease of processing, 

in which the permanent shape of RSMPs can be easily reformed. 

Despite the different material designs of RSMPs, CIE and MIC effects are the 

only working mechanism up to now. It should be noted that since multi-level 

reversible transitions are required for both one-way multi-SME and RSME, RSMP 

can also exhibit one-way multi-SME. Bai et al.73 grafted PCL onto polydopamine 

and showed that the resulting polymer network could exhibit both one-way triple-
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SME and RSME under appropriate conditions, which has an advantage of high 

modulus and high recovery strain. 

RSMP requires only a single programming step to realize reversible 

actuation. It can be anticipated that RSMPs will have more applications, 

especially in biomedicine, soft actuator,74 bionic areas, and so on. 

§ 2.5 Polyolefin materials applied in shape memory polymer 

As the leader in the global polymer production and consumption, polyolefins 

have considerable potential as SMP materials due to their high crystallizability 

and versatile chain structures. The “memory effect” of polyethylene had been 

realized,75 leading to heat-shrinkable products in the packaging, cable, and 

electrotechnical industries.31, 76 Numerous efforts have been made to study the 

heat-shrinkability of polyolefin materials, such as LDPE,31 HDPE,77 polyolefin 

blend with chlorosulphonated polyethylene,78 and LDPE blend with PU 

elastomer.79 Since then, the SME of polyolefins based on their semicrystalline 

nature has been explored. A variety of polyolefin-based SMPs with melting 

temperatures between 20 to 100 °C were synthesized, such as, crosslinked 

short-chain branched polyethylene,32 trans-polyisoprene,80 polycyclooctene,81 

and poly(1,4-butadiene).82 Compared to other semicrystalline SMPs such as 

polyethers and polyesters, polyolefin-based SMPs formed a complete 

microphase separation structure, due to their nonpolar nature and absent H-

bonds in the polyolefin networks.80 Polyolefin-based SMPs are also the ideal 
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model compounds for studying SME theoretically.83 Nowadays, the development 

of novel high-performance thermoplastic polyolefin elastomers has opened a new 

door to the fabrication of various SMPs.84-86 Hoeher et al.87 used an ethylene-co-

1-octene blend with LDPE and HDPE to fabricate a multi-SMP. Zhang et al.88, 89 

used commercial olefin block copolymer (OBC) as the supporting polymer to 

fabricate phase change materials, which could also exhibit SME.  

Polyolefin-based RSMPs have also been reported over the recent years. 

Kolesov and Dolynchuk et al.90, 91 theoretically studied RSME of crosslinking 

linear and short-chain branched polyethylene. Hedden et al.92 reported an 

enhanced RSME of crosslinked polyethylene by adding carbon black 

nanoparticles. 

Polyolefins have excellent chemical resistance, outstanding weatherability, 

low density, low costs, and easily obtained monomers. It is very important to 

study SME of polyolefin-based materials, and it is desirable to develop novel 

polyolefin-based SMPs. 

§ 2.6 Summary 

In this chapter, the concept of shape memory polymer (SMP) is introduced 

from the perspectives of definition, history, classification, and some applications. 

Among them, the novel reversible shape memory polymer (RSMP) is focused 

due to its superior behavior that can realize shape changing between two 

temporary shapes when exposed to an external trigger (i.e. heat), without a new 
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programming step. There are mainly three types of RSMPs, namely, LCE, 

polymer laminates, and semicrystalline polymers, which have attracted many 

attentions of researchers, because of high potential applications in biomedicine, 

soft actuator, and bionic areas. Despite the variety of semicrystalline RSMPs, the 

CIE and MIC effect is confirmed as the only mechanism of RSME for the current 

semicrystalline RSMP. As the world’s leader in polymer production and 

consumption, commodity polyolefin materials serve as good candidates for SMP 

applications for low costs and for versatility. Polyolefin-based SMPs have been 

emerged in the recent years, however, the area is still largely untouched. The 

development of polyolefin SMPs and RSMPs is a promising area worth of great 

research efforts. 
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3 POLYOLEFIN THERMOPLASTICS FOR 

MULTIPLE SHAPE AND REVERSIBLE 

SHAPE MEMORY 

In this chapter, the multiple and reversible shape memory effect of a 

polyolefin elastomer material, ethylene/1-octene diblock copolymer, is 

demonstrated and represented. This chapter is based on the peer-reviewed 

published journal paper as follows: “Gao, Y.; Liu, W.; Zhu, S., Polyolefin 

Thermoplastics for Multiple Shape and Reversible Shape Memory, ACS Applied 

Materials & Interfaces, 2017, 9(5), 4882-4889. (DOI: 10.1021/acsami.6b14728) 

Reprinted with permission from ACS Applied Materials & Interfaces, 2017, 9(5), 

4882-4889. Copyright 2015 American Chemical Society. 
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§ 3.1 Abstract 

This work reports the first pure hydrocarbon thermoplastic polyolefin material 

with reversible shape memory effect under stress-free or very small external 

loading condition. A thermoplastic ethylene/1-octene diblock copolymer with 

designed chain microstructure was synthesized. The polyolefin material 

performed not only the conventional one-way multishape memory effects, but 

also a two-way reversible shape memory effect (RSME). The elongation and 

contraction induced by oriented crystallization with heating was confirmed as the 

mechanism of RSME without chemical crosslinking. This work demonstrated that 

the thermoplastic reversible shape memory could be achieved through careful 

design of chain microstructure, based on sole hydrocarbon materials such as 

ethylene-1-octene copolymer. 
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§ 3.2 Introduction 

Shape memory polymer (SMP) is a representative type of smart materials 

with a broad range of potential applications such as surface coatings, textiles, 

biomedical devices, aerospace facilities, etc.1-5 SMPs can store temporary 

shapes and recover to their original permanent shapes under stimulation of 

external triggers. Many types of triggers have been applied to SMP systems such 

as temperature,6 light,7 electric and magnetic field,8,9 and redox.10 Over the 

decades, a large variety of SMPs have been synthesized and reported.3 However, 

design and preparation of multiple and reversible SMPs are still challenging and 

require much further research effort.  

Conventional one-way SMPs with dual-shape memory effect can only be 

recovered from one temporary shape to their original permanent shape in one 

way.2 The polymers cannot be shifted back and forth between temporary and 

permanent shapes without additional programming. In the past decade, the 

multishape memory effect has also attracted much attention, as it can memorize 

more than one temporary shapes, such as triple-shape or quadruple-shape 

memory effects.11-14 To achieve the multishape memory effect, a carefully 

designed programming with multiple deformations must be implemented. 

However, regardless of the great effort, the reported multiple SMPs are still in 

one-way shifting only, as they cannot go back to temporary shapes, nor can they 
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shift between temporary shapes without a new programming process after one 

shape memory cycle.2 

Recently, great progress has been achieved in developing reversible shape 

memory polymers (RSMP).15 There have been several types of materials 

designed for RSMP applications, such as laminates,16 liquid crystalline 

elastomers (LCE),17 and semicrystalline polymers.18 In the material design, LCE 

was synthesized as an elastic polymer with liquid crystalline units on the main or 

side chains. The shift between anisotropic and isotropic phases of the liquid 

crystals could lead to reversible contraction and elongation upon heating and 

cooling, exhibiting reversible shape memory effect (RSME).17 However, the 

synthesis of LCE is challenging. 

In the recent years, RSMPs based on simple semicrystalline polymers have 

attracted great attention. Mather et al.18 has demonstrated a cross-linked 

poly(cyclooctene) (PCO) film exhibiting reversible shape memory performance 

under a tensile load. The reversibility in this polymer system stems from the 

mechanism of oriented crystallization and further crystallization induced 

elongation upon cooling. 

This mechanism has been actively explored in designing RSMP from 

semicrystalline polymers.19-30 Lendlein et al. ingeniously constructed several 

cross-linked multiphase copolyester-urethane networks19 and PEVA networks28 

with distinguished or continuous broad melting temperatures so that the oriented 
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crystallization can be induced by the “skeleton” crystals with high melting 

temperature, resulting in a free-standing RSME upon cooling and heating without 

constantly applied tensile loading. Sheiko et al. studied the effect of partial 

melting of crystals on reversible shape memory performance of cross-linked 

poly(octylene adipate),29,30 and applied switchable micropatterned surface 

topographies,31 and dynamic optical gratings.32 Anthamatten et al. reported a 

two-step cross-linking procedure to introduce an internal stress into polymer film 

to induce crystallization for free-standing RSMP.33 

Most published works focused on thermoset RSMPs and considered the 

chemical cross-linking a must for RSMPs.19,29 Thermoplastic two-way RSMPs 

have been rarely reported so far. Very recently, Li et al.34 found that a commercial 

ionomer, semicrystalline poly(ethylene-co-methacrylic acid), exhibited tunable  

reversible actuation. Shortly after, Maiti et al.35 reported a thermoplastic 

polyurethane that exhibited reversible shape memory performance. In the well-

designed PU, soft segments acted as actuator domains, which expanded in 

cooling and collapsed in heating. The hard segments acted as skeleton and 

assisted crystallization of the soft segments. Thermoplastic polymers have clear 

advantages for easy processing in which the permanent shape of RSMPs can be 

easily reformed. 

Polyolefins, the world’s largest polymer in production and consumption, have 

also been investigated for shape memory polymer applications.11,36-38 Polyolefin 

materials have very good chemical resistance, excellent weatherability, low 
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density, low cost, cheap and easily obtained monomers. 39 Development of high-

value added applications for polyolefins definitely represents one of the most 

attractive pursuits for polymer scientists. In fact, the oriented crystallization effect 

of polyolefins has been well studied as “necking”, which is exploited in the design 

of cross-linked RSMPs.40 For example, Kolesov et al. reported reversible shape 

memory behavior of cross-linked HDPE/poly(ε-caprolactone) blends under 

stress.41 RSMEs of crosslinked HDPE and poly(ethylene/1-octene) copolymer 

blends were also studied by experimental and theoretical methods.40,42 Hedden 

et al. reported that adding carbon black nanoparticles as physical cross-linkers 

could affect the reversible shape memory behavior of cross-linked polyethylene 

such as actuation ratio and switching temperature.43 

To the best of our knowledge, polyolefin-based SMPs studied so far are 

thermosets and their permanent shapes could not be reformed.11,40 Polyolefin 

materials account for half of the world’s total polymer products. It is important to 

develop SMPs from this class of polymers. It is also easy to remold thermoplastic 

polyolefins into new permanent shapes. The recent progress in the synthesis of 

high-performance polyolefin thermoplastic elastomers has provided a great 

opportunity for designing RSMPs. Our previous work on the synthesis of diblock 

ethylene/1-octene copolymers showed that the chain microstructure of polyolefins 

can be precisely designed, resulting in a tunable distribution of crystal sizes and a 

continuous wide range of melting temperature.44  On the basis of our 

understanding of the two-way reversible shape memory effect, we hypothesized 
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that polyolefin elastomers having a well-designed hard and soft segment 

distribution could be good candidates for developing RSMPs. Harder segments 

are expected to form larger crystals, acting as higher temperature skeletons for 

holding softer segments crystallizable at lower temperature.  In this work, we 

report the first pure carbon-hydrogen thermoplastic polyolefin elastomer as a two-

way reversible shape memory material. 

§ 3.3 Experimental Section 

3.3.1 Materials and Preparation 

Synthesis of ethylene/1-octene diblock copolymers was reported in the 

previous work.44 Provided here is a brief description for readers’ convenience. 

Polymerization-grade ethylene and 1-octene were used as monomer and 

comonomer. Bis[N-(3-methylsalicylidene)-2,3,4,5,6-pentafluoroanilinato] 

titanium(IV) dichloride was used as catalyst and dried methylaluminoxane (MAO) 

used as cocatalyst. Anhydrous toluene was used as solvent. Ethylene/1-octene 

copolymerization was carried out in a semibatch autoclave reactor. The reactor 

temperature was controlled at 25 °C during the polymerization. Purified ethylene 

monomer was first filled into the reactor. Toluene solvent, 1-octene, cocatalyst 

(MAO in toluene solution) and catalyst solution were sequentially injected into the 

reactor under nitrogen protection. Ethylene was fed immediately after the catalyst 

injection. To obtain diblock copolymer, ethylene pressure in the reactor was 

initially maintained at atmosphere pressure for 5 min, followed by a sudden 
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increase to 20 bar in a stepwise fashion for 0.5 min. The comonomer feeding 

ratio was kept at about 0.90 in the first step and decreased to less than 0.30 in 

the second step. The experiment was stopped by shutting off ethylene gas and 

pouring the resulting mixture into acidified alcohol. The polymer sample was 

washed with excess alcohol and dried in vacuum at 50 °C for 8 h.  

The resulting polyolefin samples were molded in hot press at 160 °C and 

13.8 MPa to form flat films of 40 × 40 × 0.5 mm dimension. The characterization 

data for the diblock copolymers are presented in the Supporting Information. 

3.3.2 Polymer characterization 

Melting temperature Tm and crystallization temperature Tc were measured by 

DSC 2910 (TA Instruments). Samples between 5.0 and 7.0 mg were first heated 

to 160 °C and kept isothermally for 5 min to remove thermal history. Temperature 

was then cooled to −20 °C at a rate of 10 °C/min, maintained at −20 °C for 3 min, 

and finally raised to 160 °C at 10 °C/min. Tc was measured from the cooling 

curve and Tm was obtained from the second heating curve. 

The temperature-dependent modulus test was carried out using DMA 2980 

(TA Instruments) in a tensile mode. The sample film of 20 × 2 × 0.5 mm was first 

cooled to −70 °C, then heated to 60 °C at a rate of 3 °C/min. The storage 

modulus and loss modulus were measured with the frequency of 1 Hz and the 

amplitude of 0.3% strain. 
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The shape memory effects were measured by DMA 2980 (TA Instruments) in 

a tensile mode. The elastomers were first cut into 20 × 2 × 0.5 mm films. For one-

way two-shape memory testing, the sample was first heated to 82 °C under 0.006 

N loading for 4 min, setting the original strain εf0. It was stretched by a stress 

around 0.4 MPa, and then cooled from 82 to 5 °C at a rate of 10 °C/min. It was 

kept isothermal at 5 °C for 3 min under the stress to obtain the maximum 

elongated strain εm. The stress was then removed and the sample was 

maintained at 5 °C for 2 min to obtain the fixed strain εf. Finally the sample was 

heated back to 82 °C and obtained the recovery strain εr. The fixing ratio Rf and 

recovery ratio Rr were calculated as: 

𝑅f =
𝜀f−𝜀f0

𝜀m−𝜀f0
 and 𝑅𝑟 =

𝜀f−𝜀r

𝜀f−𝜀f0
 

In one-way triple-shape memory testing, the sample was first heated to 82 °C 

under 0.006 N loading for 4 min, setting the original strain εf0. It was stretched by 

a stress around 0.4 MPa and then cooled down to 53 °C at a rate of 10 °C/min. It 

was kept isothermal at 53 °C under the stress for 3 min to obtain the first 

maximum elongated strain εm1. The stress was then removed and the sample 

was maintained at 53 °C for 2 min to get the fixed strain εf1. The sample was 

further cooled down from 53 to 5 °C at a rate of 10 °C/min and kept isothermal at 

5 °C under the stress for 3 min to obtain the second maximum elongated strain 

εm2. The stress was then removed and the sample was maintained at 5 °C for 2 

min to get the fixed strain εf2. The sample was heated back to 53 °C at a rate of 
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5 °C/min and kept isothermal at 55 °C for 10 min to obtain the first recovery 

length εr1. Finally the sample was heated up to 82 °C to obtain the final recovery 

strain εr0. The fixing ratio Rf and recovery ratio Rr were calculated as: 

𝑅fi =
𝜀fi−𝜀f(i−1)

𝜀mi−𝜀f(i−1)
 and 𝑅𝑟𝑖 =

𝜀fi−𝜀r(i−1)

𝜀fi−𝜀f(i−1)
 

For one-way quadruple- (multi-) shape memory testing, the experimental 

procedure and the fixing/recovery ratio calculation were similar to the above. 

To measure the reversible shape memory effect, a typical procedure is as 

follows: The sample was heated to 82 °C for 4 min for the original strain εf0. It was 

stretched by a stress around 0.4 MPa. The temperature was then decreased from 

82 to 5 °C at a rate of 10 °C/min and the sample was annealed under the stress 

at 5 °C for 3 min. In the stress-free testing, the stress was removed and the 

sample was maintained at 5 °C for 2 min. It was then heated to 60 °C and 

annealed for 3 min to obtain the reversible length εrb. After another cooling 

process to 5 °C, a stable length of εs was obtained. The cooling-heating cycles 

between 5 and 60 °C were repeated for 5 times. In the load testing, the stress 

was maintained constant during all cooling-heating cycles. The reversible ratio 

Rrb was calculated as: 

𝑅rb =
𝜀s − 𝜀rb

𝜀s − 𝜀f0
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X-ray diffraction (XRD) analysis was performed on a Bruker D8 DISCOVER 

with DAVINCI.DESIGN diffractometer using Co as the anode material. The 

sample was scanned from 12° to 35° with a scanning increment of 0.02°at 35 kV 

generator voltage and 45 mA current. 

§ 3.4 Results and Discussion 

For prove of the concept, we prepared the gradient ethylene/1-octene diblock 

copolymer samples. The results of structural characterization were provided in 

the Supporting Information. This type of ethylene/1-octene diblock copolymers 

possessed excellent thermoplastic elastomeric performance.44 Sample1 having 

42% hard segment content was selected in this work for the detailed study. 

Figure 3.1 shows the DSC cooling and second heating curves of Sample1. The 

heating curve clearly showed a broad melting temperature range. It probably 

started to melt as soon as the glass transition process completed at about −40 °C 

and it totally melted at about 95 °C. The maximum melting peak was about 78 °C. 

When the melt was cooled down, a sharp exothermic peak was first found at 

about 60.6 °C in the cooling curve, which is the major crystallization temperature. 

The short-ordered ethylene segments continued to crystallize as the temperature 

was further cooled down and a second small exothermic peak was found 

between 0 to 10 °C. The harder segments having longer crystalline ethylene 

sequence length crystallized at higher temperatures and formed relatively larger 

crystal domains, while the softer segments having shorter crystalline ethylene 

sequence length formed crystal domains of smaller sizes. The broad crystal size 
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distribution contributed to the wide melting temperature range. In the synthesis, 

1-octene incorporation and hard/soft segment lengths are easily tunable by 

adjusting the monomer feeding policy. From this perspective, the chain 

microstructure of the diblock copolymer could be precisely designed, and it 

becomes practical to synthesize thermoplastic polyolefin elastomers with a 

desired range of melting temperatures. The temperature-dependent modulus 

from −70 °C to 60 °C measured by DMA gave the Tg of Sample1 about −51 °C 

(Figure S3.3). 

 

Figure 3.1. DSC cooling and heating curves of the ethylene/1-octene 

diblock copolymer Sample1. 
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3.4.1 One-Way Shape Memory Effect 

One-way shape memory effect of the diblock copolymer was measured by 

DMA and the result is shown in Figure 3.2. The diblock copolymer in this study 

possessed a broad crystal size distribution and exhibited a broad range of 

melting temperature, which allowed the realization of multishape memory effects. 

On the basis of DSC data, 82, 55, and 35 °C were selected as the programming 

temperatures Tp, and 5 °C as the fixing temperature Tlow (see Figure 3.1). As the 

total melting temperature was about 95 °C, 82 °C was a partial melting 

temperature. At this temperature, some large crystals were still not melted, 

allowing the sample to keep its permanent solid shape. The fixing ratio Rf was 

79.6% and the recovery ratio Rr reached 95.9% (Figure 3.2a), indicating a good 

one-way dual-shape memory effect, especially for the recoverability.  

The shape fixing ratio was affected by elasticity of the diblock copolymer at 

low temperature. In a thermoplastic polyolefin elastomer, both crystal domains 

and chain entanglements contribute to physical cross-linking networks, rendering 

a large dragging force inside the elongated elastomer matrix. We employed two 

more samples having different hard/soft segment contents for further illustration. 

In one-way dual-shape memory effect test (see Figure S3.4), it has been 

demonstrated that Sample2 having lower hard segment content (23%) exhibited 

a lower fixing ratio but a higher recovery ratio (Rf = 69.1%, Rr = 99.9%), whereas 

Sample3 having higher hard segment content (48%) exhibited a higher fixing 
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ratio and a lower recovery ratio (Rf = 82.5%, Rr = 76.6%). The result showed that 

the high hard segment content provide high fixability at low temperature due to 

the high crystallizability, while the high soft segment content provide high 

elasticity for high recoverability. As a result, varying chain microstructure through 

designing the length and ratio of hard and soft segments could tune the shape 

memory performance of diblock copolymers. 

To demonstrate the triple shape memory effect, we selected 82 °C as the 

first programming temperature Tp1 with the external load of 0.38 MPa, and 53 °C 

as the second programming temperature Tp2 with the external load of 0.77 MPa, 

and 5 °C as the fixing temperature Tlow. The resulted fixing ratios for the two 

temporary shapes Rf1 and Rf2 were 41.3% and 67.0%, while the recovery ratios 

Rr2 and Rr1 were 86.0% and 93.2%, respectively, as shown in Figure 3.2b, c. 

For better demonstration of the multishape memory effect, the copolymer film 

was programmed into three shapes, as shown in Figure 3.2d. The film edge was 

painted red for better observation. The film was in a flat permanent shape at 

82 °C, then deformed to a temporary spiral shape (the first temporary shape), 

when cooled down to 53 °C. It was further deformed to a “ω” shape (the second 

temporary shape) when cooled down to 5 °C. The “ω” shape was stable at 

temperature below 5 °C. When heated up to 53 °C, the film recovered to the 

spiral shape automatically and in a short time. This spiral shape was very stable 

at temperature below 53 °C. It was finally recovered to its original flat shape when 
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it was further heated up to 82 °C. Triple-shape memory effect of the diblock 

copolymer was clearly demonstrated. From “ω” to spiral, it exhibited excellent 

shape memory performance, in which it could recover from a simple shape to a 

complex shape. This is not an easy task with thermoset SMPs.45 Similarly, 

quadruple-shape memory effect with three temporary shapes was also 

demonstrated, with programming condition, shape fixity and recovery ratio shown 

in Figure 3.2c. Similar to dual-shape memory effect testing, the fixity for each 

temporary shape was significantly affected by elasticity of the amorphous phase, 

as well as amount and size of the crystal domains. 

 

(a)  
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(b)  

(c)  
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(d)  

Figure 3.2. One-way shape memory effect of ethylene/1-octene diblock 

copolymer Sample1 by DMA. (a) One-way dual-shape memory effect: Tp = 

82 °C, Tlow = 5 °C, Rf = 79.6%, Rr = 95.9%. (b) One-way trishape memory 

effect: Tp1 = 82 °C, Tp2 = 53 °C, Tlow = 5 °C, Rf1 = 41.3%, Rf2 = 67.0%, Rr2 = 

86.0%, Rr1 = 93.2%. (c) One-way quadruple-shape memory effect: Tp1 = 82 

°C, Tp2 = 60 °C, Tp3 = 35 °C, Tlow = 5 °C, Rf1 = 28.0%, Rf2 = 36.5%, Rf3 = 

59.1%, Rr3 = 76.0%, Rr2 = 54.8%, Rr1 = 100%. (d) Photo demonstration of 

triple-shape memory effect at 82, 53, and 5 °C. 

 

3.4.2 Reversible Shape Memory Effect 

It is well-known that achieving reversible shape memory effects represents a 

challenging task. A majority of RSMPs require chemically cross-linked networks, 

which limit processing and remolding of permanent shape. It is therefore of great 
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interest to develop thermoplastic RSMPs. In this work, a reversible switching 

angle upon cooling and heating was found in the thermoplastic polyolefin film, as 

shown in Figure 3.3 and video S3.1. The film was first heated to 82 °C, folded to 

a small angle and then quenched to 5 °C. When the external force was removed, 

an angle of 34.6° was fixed. The film was clamped to a clip in air, as shown in 

Figure 3.3a. A stream of hot air was blown to the film from left side, through 

which the temperature of the film reached 55 °C. As temperature increased, the 

angle of the film changed to 58.1°. A stream of cold air was then blown to the film 

from bottom, decreasing the film temperature to about 5 °C. The angle was 

recovered to 36.8°. This angle switching upon heating and cooling was repeated 

for 5 cycles with good reproducibility, as shown in Figure 3.3b. We believe this is 

the first RSME free of external loading, ever observed with thermoplastic 

polyolefin elastomer materials. 

 

(a)  
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(b)  

Figure 3.3. Reversible shape memory effect of the diblock olefin copolymer 

Sample1 film without external loading. (a) Photographs of the angle change, 

(b) plot of the angle change vs cycles. 

To date, the only feasible mechanism for RSME is the oriented-

crystallization-induced elongation upon cooling and melting-induced contraction. 

RSME can occur under external loading or stress-free condition, according to the 

material design. To exclude a possibility of “cold shrinkage and thermal 

expansion” effect, which might also induce the angle change, and to further 

investigate the reversibility, a series of quantitative shape memory tests by DMA 

were performed.  
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(a)  

(b)  

(c)  

Figure 3.4. Reversible shape memory effect of ethylene/1-octene diblock 

copolymer Sample1 by DMA under stress-free condition. Tp = 82 °C, Tlow = 5 

°C, and (a) Thigh = 50 °C, (b)  60 °C, (c)  70 °C. 
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RSME was first tested under stress-free condition at three different 

temperatures, as shown in Figure 3.4. Similar to the one-way shape memory 

tests, the sample was first programmed with external stress of about 0.4 MPa at 

Tp = 82 °C, then it was cooled to the fixing temperature Tlow = 5 °C under loading. 

After isothermal at 5 °C for 3 min, the external load was released to zero. The 

temperature was increased to a higher level, Thigh, at which the elongated sample 

partially recovered. After that, the temperature was cooled and heated between 

Tlow and Thigh for four times under stress-free condition. It is evident in Figure 3.4 

that all the tests clearly showed reversible “cold extension and thermal 

contraction”, while Figure S3.5 showed that the strain caused by thermal 

extension under heating was only 0.25%, therefore the possibility of “cold 

shrinkage and thermal expansion” could be excluded. When Thigh was set to 50, 

60, and 70 °C, the reversible strain became 2.2, 2.8, 3.0% and the reversible 

ratio was 8.6, 14.0, and 17.7%, respectively. This reversible ratio under stress-

free condition was higher than other thermoplastic RSMPs reported in 

literature.34,35 Up to date, the reported reversible strains for thermoplastic RSMPs 

were 3.4 and 6% at 100% prestrain within similar temperature range, and the 

reversible ratios were 5.2 and 8%, respectively.34,35 The diblock copolymer 

Sample1 yielded higher reversible ratios than the reported values (Figure S3.6). 

In this work, the reversible strain was obviously increased with a larger prestrain 

(e.g., 120%) applied to the sample film (See Figure S3.6), and the reversible ratio 

was even competitive with some thermoset RSMPs.28  The result also indicated 
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that the larger temperature variation between Thigh and Tlow, the higher reversible 

ratio could be achieved. This is because the bigger crystal domains formed at 

higher temperature possess a larger fixing ability than smaller crystal domains, so 

that a stronger crystal “skeleton” could be formed, resulting in better 

crystallization orientation and thus increased reversibility.  

 

(a)  

(b)  
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(c)  

Figure 3.5. Reversible shape memory effect of ethylene/1-octene diblock 

copolymer Sample1 by DMA. Tp = 82 °C, Tlow = 5 °C, Thigh = 60 °C under 

external loading of (a) 0.33, (b) 0.40, and (c) 0.49 MPa 

To further improve the reversible ratio, RSME was also studied under loading, 

as external loading could more effectively stretch polymer chains facilitating 

crystallization orientation. There have been many research reports on RSME 

under external loading.18,22,23,40 DMA test procedure was similar as stress-free 

testing, except that external loading was remained after programing. The result 

was shown in Figure 3.5. It is clear that when a small stress was loaded, 

reversible elongation increased significantly from the stress-free condition. At 

0.33, 0.40, and 0.49 MPa, the reversible strain reached 7.6, 10.5, and 14.1%, 

and the reversible ratio was 16.1, 22.6, and 21.8%, respectively, indicating that 

larger stress would induce higher reversibility in the studied stress range. There 

was no obvious creeping observed in this thermoplastic polyolefin film after five 

cycles.  
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3.4.3 Mechanism for RSME without chemical crosslinking 

 

(a)                                                   (b) 

Figure 3.6. XRD curves of the diblock copolymer Sample1, (a) sample with 

0% and 75% strain at room temperature; (b) 75% prestrained sample at 

room temperature, 53, and 82 °C. 

It can be speculated that RSME of the diblock copolymer was induced by its 

broad crystal size distribution and oriented crystallization. Figure 3.6 shows XRD 

analysis of the sample for further explanation. The sample without prestrain was 

first tested at room temperature. It was then deformed at 82 °C and quenched to 

5 °C to fix the prestrain at 75%. The prestretched sample was then measured at 

room temperature, 53 and 82 °C to test crystallinity at the different temperatures. 

Figure 3.6a compares the results from 0% and 75% strain at room temperature. 

The sharp peak near 25° was attributed to the reflection of (110) crystallographic 

plane, (200) crystallographic plane was also found between 27° and 28°, the 

broad peak near 23° was attributed to amorphous phase. The prestretched 
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sample with 75% strain showed obviously higher reflection intensity of (110) 

plane than the nonstretched sample at room temperature, indicating that the 

deformation at 82 °C and subsequent quenching could induce chain orientation 

and give higher crystallinity. Figure 3.6b shows the crystallinity variation in the 

prestretched sample at different temperatures. As temperature increased to 

53 °C, the crystallinity decreased but it still retained a certain amount of crystals 

as the reflection of (110) plane was still obvious. The prestretched sample 

partially recovered at 53 °C. When temperature further increased to 82 °C, the 

sample fully recovered to its initial shape and there was almost no crystal 

reflection at 82 °C, as a majority of crystals were melted (shown in DSC melting 

curve in Figure 3.1).  Due to variance of temperature and oriented chain 

crystallization induced by external deformation, crystallinity of the diblock 

copolymer film was tunable.  
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Figure 3.7. Schematic graph of reversible shape memory effect of 

thermoplastic polyolefin elastomer 

A plausible mechanism for RSME with the thermoplastic polyolefin elastomer 

is proposed in Figure 3.7. The thermoplastic polyolefin elastomer could be 

molded or remolded into different permanent shapes above Tt, at which polymer 

was totally melted. When cooled to Tp, the permanent shape could be fixed by 

partially crystallized large crystals, as well as chain entanglements in amorphous 
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phase. If there was no external force that deformed or programmed the elastomer 

sample at Tp, crystal domains of broad size distribution could form and act as 

physically cross-linked points when temperature continuously cooled down to Tlow, 

giving the material a good elasticity. As the crystal domains would form 

isotopically, there was no evident shape change upon cooling and heating. 

Therefore, the material showed only elasticity but no RSME. In contrast, if there 

was an external force deforming or programing the sample at Tp, polymer chains 

would be oriented by stretching in the microscopic level. As sample was cooled 

down to Tlow under loading, oriented-crystallization-induced elongation occurred. 

After external load was released, a temporary shape was fixed at Tlow. As the 

sample in this study was an ethylene/1-octene diblock copolymer having hard 

and soft segments, the hard segments with longer crystalline ethylene sequence 

would crystallize first and form relatively larger crystal domains. These larger 

crystal domains could act as a skeleton and constrain crystallization behavior of 

the soft segments. The soft segments with shorter crystalline ethylene sequence 

length formed small crystals (fringed micelles or bundled crystals) along the 

stretch direction. When sample was heated back to Thigh, the small crystals 

melted and induced contraction. Although there were still some large crystal 

domains existed in the sample, a temporary shape could be fixed at Thigh. When 

cooled down to Tlow, small crystals could form again along skeleton of the larger 

crystal domains. The oriented-crystallization-induced elongation was thus 

maintained. These two temporary shapes could reversibly shift between each 
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other upon cooling and heating under constant external loading or even stress-

free condition. The reversible shape memory effect was thus achieved. 

§ 3.5 Conclusion 

In summary, a thermoplastic ethylene/1-octene diblock copolymer with 

designed chain microstructure has been demonstrated to perform not only 

traditional one-way multishape memory effect, but also two-way reversible shape 

memory effect under loading or stress-free condition. A plausible mechanism for 

RSME without chemical cross-linking was proposed. The hard segments with 

large crystal domains and high melting temperature act as a skeleton in keeping 

permanent shapes. The soft segments with small crystal size and low melting 

temperature act as an actuator and fix temporary shapes. Crystallization of soft 

segments must be constrained by skeleton of hard segments, otherwise there 

was no oriented crystallization. The oriented-crystallization-induced elongation 

makes the material extend under cooling and contract on heating, leading to a 

reversible shape memory performance. This work reports the first thermoplastic 

polyolefin material with reversible shape memory effect at stress-free or very 

small external loading condition. The idea of tunable reversible shape memory 

polymer by chain structure design would promote the development in this area. It 

especially opens a door to design pure hydrocarbon thermoplastic reversible 

shape memory material. 
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§ 3.7 Supporting Information 

Table S3.1. Basic characterization data for the diblock copolymers used 

in this work. 

 F2 (mol%) Mw 

(104g/mol) 

PDI Tm 

(°C) 

Tc (°C) Tg (°C) ΔHm 

(J/g) 

Sample1 12.3 42.45 1.16 78.7 60.6 -61.6 47.0 

Sample2 13.1 57.04 1.58 85.8 67.3 -61.3 43.0 

Sample3 13.6 83.54 1.17 82.4 64.2 -61.2 47.2 

 

 

 Scheme S3.1. Schematic structures of the diblock copolymers used in 

this work. 
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Figure S3.1. 13C NMR spectra of the ethylene/1-octene diblock 

copolymer Sample1 
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Figure S3.2. GPC curves of ethylene/1-octene diblock copolymer 

Sample1 and poly(ethylene-co-1-octene) soft block. 

 

 

Figure S3.3. Temperature dependent modulus curves of ethylene/1-

octene diblock copolymer Sample1 from -70 °C to 60 °C at a rate of 3 °C/min. 

 

(a)  
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(b)  

Figure S3.4. One-way dual-shape memory effect of ethylene/1-octene 

diblock copolymers1 by DMA. Tp = 82 °C, Tlow = 5 °C, (a) Sample2 with lower 

hard segment content (23%) Rf = 69.1%, Rr = 99.9%. (b) Sample3 with higher 

hard segment content (48%). Rf = 82.5%, Rr = 76.6%. 
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Figure S3.5. Thermal extension effect of Sample1 upon heating and 

cooling cycles between 5 °C and 53 °C under stress-free condition. The first 

cycle was removed for eliminating the thermal history. 

 

Figure S3.6. Reversible shape memory effect of ethylene/1-octene 

diblock copolymer Sample1 by DMA with large pre-strain under stress-free 

condition. Tp = 82 °C, Tlow = 5 °C, and Thigh = 60 °C. The reversible strain is 

5.5%, reversible ratio is 8.9%. The reversible strain can be obviously 

increased if the pre-strain was further increased. But the pre-strain was 

limited to less than 200% because of the range limit of our DMA instrument. 

 

Video S3.1: demonstration of reversible shape memory effect of the 

ethylene/1-ocetene diblock copolymer. 
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4 THERMOPLASTIC POLYOLEFIN 

ELASTOMER BLENDS FOR MULTIPLE 

AND REVERSIBLE SHAPE MEMORY 

POLYMER 

In this chapter, the multiple and reversible shape memory effect of the 

commercial thermoplastic polyolefin elastomer blends is demonstrated and 

represented. This chapter is based on the peer-reviewed published journal paper 

as follows: “Gao, Y.; Liu, W.; Zhu, S., Thermoplastic Polyolefin Elastomer Blends 

for Multiple and Reversible Shape Memory Polymer”, Industrial & Engineering 

Chemistry Research, 2019, 58(42), 19495-19502. Reprinted with permission from 

Industrial & Engineering Chemistry Research, 2019, 58(42), 19495-19502. 

Copyright 2019 American Chemical Society. 
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§ 4.1 Abstract 

This work reports a novel type of reversible shape memory polymers 

(RSMPs) from commercially available thermoplastic polyolefin elastomers 

(POEs). Two RSMPs based on Dow Chemical’s POE Engage 8003, Engage 

8137, Engage 8180, olefin block copolymer elastomer (OBC) Infuse 9007 were 

prepared by simple blending of the commercial products having different melting 

temperatures. The multiple and reversible shape memory performances of the 

as-prepared blends were clearly demonstrated. This work provides a facile and 

low-cost method for the large-scale preparation of the reversible shape memory 

materials. It broadens the source of the materials for the design and development 

of RSMPs.  
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§ 4.2 Introduction 

Shape memory polymers (SMPs) are representative of stimuli-responsive 

materials, which can memorize one or several different temporary shapes and 

recover to their original shapes with external triggers, such as heat, light, 

electromagnetic field, etc. SMP usually contain a stable network to maintain its 

permanent shape, and switch phases to fix the temporary shape(s). This delicate 

structure endows SMPs with the ability to switch their shape based on 

environmental conditions. Various SMPs have been synthesized and showed 

great potential in the areas of textiles, aerospace facilities and biomedical 

devices.1-7  

Recently, soft actuators based on SMPs have attracted the attention of many 

because of their potential applications in microrobots and artificial muscles, etc.8 

These actuators could shift between different temporary shapes when exposed to 

external stimuli without the need for additional programming steps. This type of 

SMPs is termed as two-way shape memory polymer or reversible shape memory 

polymer (RSMP). Up to now, liquid crystalline elastomers (LCE),9 polymer 

laminates,10 and semicrystalline polymers11 have been found to exhibit the 

reversible shape memory effect (RSME). Among these materials, semicrystalline 

polymers are best suited as RSMPs, because of their variable polymer chain 

structures and comparably easy synthesis route. Since the first semicrystalline 

RSMP demonstrated by Mather et al. in 2008,11 who examined a crosslinked 
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poly(cyclooctene) (PCO), a large variety of RSMPs have been synthesized and 

studied, such as poly(octylene adipate),12 polycaprolactone (PCL),13 

poly(ethylene-co-vinyl acetate) (PEVA),14,15 polycaprolactone and 

polypentadecalactone system,16,17 poly(tetramethylene oxide) glycol,18 and 

polyolefins.19, 20 

Reportedly, semicrystalline RSMPs are all based on the same mechanism of 

crystallization-induced elongation (CIE) and melting-induced contraction (MIC) of 

the crystal actuator domains. A RSMP system usually contains several switch 

phases with distinguished melting transitions, or a continuous phase with a broad 

range of melting transitions. Upon cooling, a switch phase composed of large 

crystals with relatively higher melting temperatures is first to crystallize, and acts 

as the skeletal domain in the direction of applied stress. A switch phase 

composed of small crystals with relatively lower melting temperatures crystallizes 

along the oriented skeletal domain, which induces an elongation. Upon heating, 

the small crystal domains melt and induce a contraction. The elongation and 

contraction induced by this oriented crystallization and related crystal melting 

achieves actuation during the cooling and heating cycles. Besides the CIE/MIC 

mechanism, entropic elasticity above the melting temperature of the 

semicrystalline RSMP was also considered to be a contributing factor to the 

reversible actuation.21, 22 

It should be noted that most of the reported RSMPs are thermoset polymers, 

in which chemical crosslinks are essential in maintaining their permanent shapes. 
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Dependency on chemical crosslinking is a clear drawback when the area of 

application expects reprocessing and recycling. In recent years, there have been 

a few studies demonstrating thermoplastic polymers as exhibiting RSME, such as 

poly(ethylene-co-methacrylic acid),23 polyurethane,24,25 ethylene/1-octene diblock 

copolymer,26 and poly(3S-isobutylmorpholin-2,5-dione) -polycaprolactone 

copolymer.27 The physical crosslinks in these thermoplastic polymers helped to 

keep their permanent shapes, instead of the chemical crosslinks in the thermoset 

polymers. Xie et al.28 reported a PCL-based polymer containing thermo- and 

photo-reversible bonds, which could gain thermally induced plasticity at high 

temperature and give solid-state reprocessability to a covalent crosslink network. 

However, it is challenging to expand raw material sources of such thermoplastic 

RSMPs and their preparation are costly and lab intensive. 

As the world’s number one polymer type in production and consumption, 

polyolefins are defined as commodity polymers but that does not detract from 

their potential as SMP material due to their good crystallizability and various 

chain microstructures.29-32 Their excellent weatherability, chemical resistance, 

and low costs are clearly advantageous. In fact, the elongation phenomenon of 

polyolefins induced by oriented crystallization was studied as early as in the 

1950’s,33,34 though the development of polyolefin-based RSME was only reported 

very recently. Kolesov et al. investigated RSME of crosslinked linear and short-

chain branched polyethylenes theoretically.19, 20, 35, 36 Hedden et al. reported an 

enhanced RSME of crosslinked polyethylene through the addition of carbon black 
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nanoparticles.37 Nowadays, the development of novel high-performance 

thermoplastic polyolefin elastomers has provided an opportunity for the 

preparation of RSMPs. Our previous work on tailor-designed ethylene/1-octene 

diblock copolymers38 has demonstrated free-standing RSME over a broad 

melting transition, arising from a precisely controlled chain structure with blocky 

connected hard and soft segments.26 However, this kind of polyolefin block 

copolymer-based RSMPs is difficult to prepare on a large scale. 

Polymer blending of commercial polymers provides a unique approach for 

the simple preparation of RSMPs. Blending is a common practice in the 

preparation of polymer materials for seeking synergy among the combined 

components for improved application properties. Some commercial thermoplastic 

polyethylene elastomers contain alternative hard and soft segments, in which the 

hard ethylene segments could crystallize to form physical crosslinks while the soft 

α-olefin-rich segments form an amorphous phase. A single polyethylene 

elastomer product usually has a narrow melting transition. It is hypothesized that 

blending of several polyethylene elastomers having different melting 

temperatures would result in a broad melting transition and could serve as a good 

candidate for RSMPs. This work explores the possible facile approach for 

upgrading commercially available commodity polyolefins into smart materials. 
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§ 4.3 Experimental Section 

4.3.1 Materials  

Polyolefin elastomers (POE) Engage™ 8003, Engage™ 8137 and Engage™ 

8180, olefin block copolymer elastomer (OBC) Infuse™ 9007 were supplied by 

the Dow Chemical Company and were used without further treatments. The 

elastomer blends were prepared using a Thermo Haake Rheometer at 160 °C for 

6 min. Table 1 and Table 2 summarizes the physical properties and recipes of the 

prepared elastomer blends. The resulting polyolefin blends were molded in a hot 

press at 13.8 MPa and 160 °C for 10 min to form flat specimens with dimensions 

of 120 × 120 × 0.5 mm3. The requirements for selecting the POE components in 

preparing polymer blends include similar chain structures and partly overlapped 

melting transitions, which ensured the formation of interfacial crystal domains of 

various sizes. 

 

Table 4.1. Melting and crystallization temperatures of commercial POEs and 

OBC for blending. 

 Name 𝑇m(°C) 𝑇c (°C) 

POE1 Engage™ 8003 85.1 58.6 

POE2 Engage™ 8137 60.9 38.4 

POE3 Engage™ 8180 52.1 28.9 

OBC Infuse™ 9007 122.0 83.8 
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Table 4.2. Recipes of the elastomer blends.  

 E1 E2 

POE1 30% 30% 

POE2 / 30% 

POE3 40% 40% 

OBC 30% / 

 

4.3.2 Polymer Characterization 

Modulated DSC 2910 (TA instruments) was used to measure melting 

temperature Tm and crystallization temperature Tc of the raw materials and 

blends. About 6.0 mg of each sample was prepared and the thermal history was 

first removed by heating the sample to 160 °C and keeping isothermal for 5 min. 

It was then cooled to -20 °C at a rate of 10 °C/min and maintained at the 

temperature for 5 min, before finally being reheated to 160 °C at 10 °C/min. 

The shape memory effects were measured by DMA 2980 (TA instruments). 

The samples were cut into pieces of 20 × 2 × 0.5 mm. In the one-way dual-shape 

memory effect measurement, a sample (e.g. E1) was preheated to 85 °C under a 

preload of 0.004 N for 4 min. The strain was recorded as ɛf0. It was then stretched 

by a stress around 0.15 MPa, cooled from 85 to 5 °C at a rate of 10 °C/min and 

stayed isothermal at 5 °C under stress for 3 min to obtain the maximum 

elongated strain ɛm. After removal of the stress, the sample was kept at the same 
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temperature for another 2 min to obtain the fixed strain ɛf. It was finally heated 

back to 85 °C at a rate of 10 °C/min and stayed isothermal for 10 min, with the 

recovery strain recorded as ɛr. The fixing ratio Rf and the recovery ratio Rr were 

calculated from: 

𝑅f =
𝜀f − 𝜀f0

𝜀m − 𝜀f0
 and 𝑅r =

𝜀f− 𝜀r

𝜀f– 𝜀f0
 

In the one-way triple-shape memory test, a sample (e.g. E1) was heated to 

85 °C under a preload of 0.004 N for 4 min. The strain was recorded as ɛf0. It was 

then stretched by a stress around 0.2 MPa, cooled from 85 to 50 °C at a rate of 

10 °C/min and kept isothermal at 50 °C under stress for 3 min to obtain the first 

maximum elongated strain ɛm1. The stress was removed and the sample was 

maintained at 50 °C for 2 min to obtain the first fixed strain ɛf1. The sample was 

then stretched under 0.4 MPa, cooled from 50 to 5 °C at a rate of 10 °C/min, and 

kept isothermal at 5 °C under stress for 3 min to obtain the second maximum 

elongated strain ɛm2. After the stress was removed, the sample was maintained at 

5 °C for 2 min to obtain the second fixed strain ɛf2. The sample was reheated to 

50 °C at a rate of 10 °C/min and maintained at 50 °C for 10 min to obtain the 

recovery strain ɛr1. Finally, the sample was heated back to 85 °C to obtain the 

recovery strain ɛr0. The fixing ratio Rf and the recovery ratio Rr were calculated 

from: 

𝑅f𝑖 =
𝜀f𝑖 − 𝜀f(𝑖−1)

𝜀m𝑖 − 𝜀f(𝑖−1)
 and 𝑅r𝑖 =

𝜀f𝑖 – 𝜀r(𝑖−1)

𝜀f𝑖 − 𝜀f(𝑖−1)
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In the one-way quadruple-shape memory test, the method and the 

calculation of fixing/recovery ratios were similar to the procedures described 

above. 

To test RSME, a typical process is as follows: a sample (e.g. E1) was heated 

to 85 °C for 4 min, and the strain was recorded as ɛf0.  It was then stretched by a 

stress around 0.2 MPa, cooled from 85 to 5 °C at a rate of 10 °C/min, and 

annealed under stress at 5 °C for 3 min. The sample was heated to 50 °C and 

annealed for 3 min to obtain the reversible strain ɛrb. After another cooling 

process to 5 °C, a stable strain ɛs was obtained. The cooling-heating segments 

between 5 °C and 50 °C were repeated for 5 cycles. The reversible ratio Rrb was 

calculated from: 

𝑅rb =
𝜀s  −  𝜀rb

𝜀s  −  𝜀f0
 

X-ray diffraction (XRD) analysis was performed on a Bruker D8 DISCOVER 

with DAVINCI.DESIGN diffractometer. Co was used as the anode material. The 

sample was scanned from 10° to 35° with a scanning increment of 0.02° at 35 kV 

generator voltage and 45 mA current. 

    

§ 4.4 Results and Discussion 

A series of commercial polyolefin elastomers having different ethylene 

contents and ethylene sequence lengths were selected as the raw materials. 
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Figure 4.1 shows the DSC curves of the raw materials and their corresponding 

blends. Each POE or OBC sample had a relatively narrow melting transition. The 

different melting temperatures corresponded to the different sized crystal 

domains. Typically, larger crystals require more heat to melt and thus have a 

higher melting temperature. In Figure 4.1, the OBC sample has the highest 

melting temperature of 120 °C due to its largest crystalline domains resulted from 

the longest crystalline ethylene sequence length. The POE samples of Tm = 

85.1 °C, 60.9 °C and 52.1 °C indicate that the crystalline ethylene sequence 

length decreased in the order of POE1>POE2>POE3.  

(a) (b)  

Figure 4.1. DSC curves of the pure POEs and OBC samples and their 

blends: (a) E1 and (b) E2. 

 

According to the mechanism of one-way multi-shape memory and that of 

reversible shape memory, either several distinguished melting transitions or a 
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broad range of melting transitions is required. Therefore, we blended several 

POE and OBC materials as the model composites, to prepare RSMPs from the 

thermoplastic polyolefin elastomers. Elastomer blends E1 and E2 were prepared 

and characterized. E1 was blended from OBC, POE1, and POE3 with the mass 

ratio of 30:30:40. E2 was blended from POE1, POE2, and POE3 with the mass 

ratio of 30:30:40. In Figure 4.1a, E1 exhibited a typical bimodal melting behavior, 

including a broad melting transition from 10 °C to 100 °C and a sharp melting 

peak at 120 °C, suggesting a discontinuous crystal size distribution in the blend 

of OBC with POEs. In Figure 4.1b, E2 exhibited a continuous broad melting 

transition from 10 °C to 100 °C, resulting from an increased diversity in the crystal 

sizes in the blend of three POE. For both blends, the melting peak of the blend 

sample showed some shift compared to each POE component, suggesting that 

the polymer chains from each POE component were mixed to form new 

interfacial crystal domains of various sizes, which facilitated stress transfer and 

reduced chain slippage in the shape memory cycles. 

 

4.4.1 One-way shape memory effect 

The conventional one-way shape memory effects of E1 and E2 were 

measured by dynamic mechanical analysis (DMA). According to the melting 

transitions of E1 and E2 shown in Figure 4.1, the memorable temperature range 

of E1 could be from 10 °C to 90 °C, and E2 could be from 10 °C to 80 °C. 

Theoretically speaking, any temperature(s) in this range could serve as the 
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programming temperature(s) (Tp). For better observation, 85 °C and 75°C were 

selected as Tp for E1 and E2, respectively, as demonstration of the conventional 

one-way dual-shape and multi-shape memory effects.  

In Figure 4.2a, E1 was first heated to 85 °C for 4 min, stretched under a pre-

stress of 0.15 MPa, and cooled from 85 °C to 5 °C with the rate of 10 °C/min. 

After 3 min isothermal at the fixing temperature of 5 °C (Tlow), the external stress 

was removed. A temporary strain of 76% was fixed at 5 °C with a fixing ratio of 

95.6%. The sample was heated back to 85 °C with a heating rate of 10 °C/min, 

during which it contracted to its permanent strain with a recovery ratio of 95.6%, 

demonstrating a perfect dual-shape memory effect. E2 also exhibited an 

excellent dual-shape memory effect by the same method, using Tp of 75 °C, with 

a fixing ratio of 94.3% and a recovery ratio of 95.3% (Figure 4.2b).  

The triple and quadruple shape memory effects of E1 and E2 were measured 

in a similar way. In the triple shape memory effect test of E1 as shown in Figure 

4.2c, 85 °C and 50 °C were selected as the two programming temperatures, 

while the pre-stress in the two programming steps were 0.2 MPa and 0.4 MPa, 

respectively. The fixing ratios Rf1 and Rf2 of E1 in the two steps were 55.2% and 

74.3%, while the recovery ratio Rr2 and Rr1 were 82.3% and 79.0%, respectively. 

E2 also showed a triple shape memory effect with the fixing ratios of 52.0% and 

77.0%, and the recovery ratios of 85.9% and 75.3% under the programming 

temperatures of 75 °C and 50 °C, respectively (Figure 4.2d). Furthermore, the 

quadruple shape memory effects of E1 and E2 were demonstrated, with 85 °C, 
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50 °C, and 30 °C set as the programming temperatures and 5 °C as the fixing 

temperature for E1 measurement. In Figure 4.2e, E1 showed an obvious 

quadruple-shape memory effect with the fixing ratios Rf1, Rf2 and Rf3 as 47.3%, 

49.7%, and 60.5%, respectively, and the recovery ratios Rr3, Rr2 and Rr1 as 

59.8%, 66.2%, and 78.1%, respectively. Similarly, the fixing ratios of quadruple-

shape memory effect for E2 were 47.1%, 40.1%, and 62.8%. The recovery ratios 

were 59.4%, 64.6% and 70.7% at the programming temperatures of 70 °C, 50 °C, 

and 30 °C, respectively (See Figure 4.2f).   

 

(a)  
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(b)  

(c)  

(d)  
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(e)  

(f)  

Figure 4.2. One-way shape memory effect of the polyolefin thermoplastic 

elastomer blends E1 and E2 samples. (a) Dual-shape memory effect of E1; 

(b) Dual-shape memory effect of E2; (c) Triple-shape memory effect of E1; 

(d) Triple-shape memory effect of E2; (e) Quadruple-shape memory effect of 

E1; (f) Quadruple-shape memory effect of E2. 
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Figure 4.3 shows a visual illustration of the one-way shape memory effect. 

The flat specimens of E1 and E2 were prepared, with the edge of E1 sample 

painted in red and that of E2 in green for the convenience of observation. As 

shown in Figure 4.3a, the E1 sample with permanent flat shape was first heated 

to 85 °C and programmed to a temporary Shape 1 (C type). The sample was 

cooled to 50 °C. After the external force was removed, Shape 1 was fixed. In the 

second step, E1 with Shape 1 was further programmed to a temporary Shape 2 

(helix) at 50 °C, and it was then cooled to 0 °C. The new temporary Shape 2 was 

thus fixed at 0 °C. E1 with Shape 2 at 0 °C was then heated back to 50 °C and 

85 °C, the sample was first recovered to Shape 1 and then to the permanent flat 

shape. For each step of recovery, the shape switched over a span of seconds. 

Similarly, an E2 sample could also fix a temporary Shape 3 at 50 °C and an 

additional temporary Shape 4 at 0 °C. Upon heating, the sample in Shape 4 

recovered to Shape 3 at 50 °C and to the permanent flat shape at 75 °C. The 

one-way multi-shape memory effects of E1 and E2 were clearly demonstrated.  

It becomes evident that the different sized crystal domains having different 

melting temperatures could fix multiple shapes. At a high temperature, small 

crystals melt and large crystals maintain a permanent shape. When the sample is 

programmed to a temporary shape and the temperature decreases to a medium 

level, e.g. 50 °C, the medium-size crystal domains crystallize and fix a temporary 

shape. When programmed to an additional temporary shape with temperature 

further decreased to a lower level, e.g. 5 °C, small crystals fix the second 
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temporary shape. Finally, upon heating, the different sized crystals melted one 

after another and the sample quickly recovered its shape to these temporary 

shapes one by one, and finally back to its permanent shape. 

 

(a)  
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     (b)  

Figure 4.3. Multi-shape memory effects of (a) E1 at 0 °C, 50 °C and 85 °C; (b) 

E2 at 0 °C, 50 °C and 75 °C. 

 

4.4.2 Reversible Shape Memory Effect 

It should be noted that almost all the previously reported thermoplastic 

RSMPs were designed and synthesized in the lab, which is costly and labor 

intensive. It is therefore desirable to broaden material sources and to simplify 

synthesis methods, to facilitate easy large-scale preparation of RSMPs. The 

RSMEs of the as-prepared thermoplastic polyolefin elastomer blends were thus 

investigated. The E1 and E2 samples were measured to explore their possible 

applications as RSMPs.  
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RSME was first measured under certain external stress conditions. As shown 

in Figure 4.4a, E1 was heated to the programming temperature of 82 °C. After 

stretched under 0.25 MPa, the temperature was reduced from 82 °C to 5 °C at 

the rate of 10 °C/min. With the constant external stress of 0.25 MPa, the sample 

was then heated to 50 °C at the rate of 10 °C/min and remained isothermal for 3 

min. Upon heating, it was partially contracted and the reversible strain ɛrb was 

recorded. The sample was cooled down again to 5 °C, during which it was 

elongated to the stable strain ɛs. Figure 4.4a shows five cycles of cooling and 

heating E1. The reversible ratio was calculated as 10.0%, demonstrating RSME 

under certain stress. When the constant external stress decreased to 0.2 MPa 

(Figure 4.4b), the resulted reversible ratio decreased to 8.2%, suggesting that the 

polymer chains were more easily oriented uniaxially with more crystals formed 

along the stretching direction while under larger external stress. Figure 4.4c 

shows that E1 had no RSME under the free-standing condition. The RSME of E2 

was also measured. In Figure 4.4d and Figure 4.4e, E2 yielded reversible ratios 

of 15.9% and 10.7% under 0.25 MPa and 0.2 MPa, respectively, which were 

higher than those of E1 under the same external stress. In particular, E2 still 

possessed the reversible ratio of 4.2% under the stress-free condition, 

suggesting a better RSME of E2 than E1.  

The E2 sample contained three POE components having similar chain 

structures but slightly different crystalline ethylene sequence lengths, which 

resulted in a continuous broad distribution of crystal sizes, as shown in Figure 
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4.1b. This would be advantageous for an oriented crystallization of the small 

crystals along the direction constrained by comparably larger oriented crystal 

domains. In contrast, the E1 sample contained two POE components having 

relatively short crystalline ethylene sequence lengths and one OBC component 

with much longer crystalline ethylene sequence length, which resulted in a 

discontinuous crystal size distribution, evident from the separated melting 

transitions in Figure 4.1a. The large crystals in E1 might not be able to constrain 

crystallization behavior of the short crystalline ethylene segments, as illustrated in 

Scheme 1. In the range of experimental temperatures, the large crystal domains 

with high melting temperature in E1 could only fix the permanent shape but could 

not induce the oriented crystallization found with the small crystals. There were 

not adequate crystal domains to act as the skeleton to keep a uniaxially oriented 

chain conformation. This eventually resulted in the RSME of E1 being weaker 

than that of E2, under either external force or free-standing conditions. 
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Scheme 4.1. Illustration of the chain structures and crystallization 

mechanism of E1 and E2 

 

 

The RSME of the thermoplastic polyolefin elastomer blends was successfully 

demonstrated. Compared to the thermoset RSMP, the as-prepared E1 and E2 

blends showed smaller reversible ratios, which was reasonable due to their lower 

mechanical strength and less chain orientation ability, caused by higher chain 

mobility. The reversible shape memory performance of the polyolefin blends 
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could be further improved by optimizing the material sources and structures. The 

purpose for this work was to explore a possible route via facile compounding of 

commercially available polymers for a large-scale preparation of the reversible 

shape memory materials. 

(a)  

(b)  
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(c)  

(d)  

(e)  
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(f)  

Figure 4.4. RSMEs of E1 (a, b, and c) and E2 (d, e, and f) under stress and 

stress-free conditions. 

 

The oriented crystallization phenomena were confirmed by an XRD analysis. 

The E1 and E2 films were heated at 80 °C for 4 min. Some samples were 

stretched to 100% strain and quenched to 5 °C to fix the pre-strain state, while 

the others were quenched to 5 °C without pre-stretching. The samples were then 

measured by XRD at room temperature. Figure 4.5a and 5b show XRD spectra 

of the E1 and E2 samples with 0% and 100% pre-strain, respectively. The peak 

near 25° was attributed to the reflection of (110) crystallographic plane, while the 

peak near 27° was attributed to the reflection of (200) crystallographic plane. The 

broad peak near 23° was attributed to the amorphous phase. In Figure 4.5a, the 

E1 samples with 0% and 100% pre-strain showed little difference in the reflection 

intensity at (100) plane. There was no significant difference in the crystal domains 

of the two samples. The polymer chains oriented by stretching at 80 °C had no 

contribution to induce the formation of new crystal domains under stress-free 
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condition, corresponding to the results shown in Figure 4.4c. On the other hand, 

Figure 4.5b shows that E2 with 100% pre-strain had a higher reflection intensity 

for the (110) and (200) planes than the corresponding samples without pre-strain. 

Pre-stretching yielded a higher crystallinity in E2. The oriented crystallization 

along the stretched polymer chains in E2 could occur at 80 °C. The XRD curves 

of the pre-stretched E1 and E2 samples at various temperatures were also 

provided in Figure S4.1, as supporting information. Both E1 and E2 maintained 

obvious crystalline reflections at 50 °C, explaining the good ability of shape 

fixation at 50 °C in the multi-shape memory exhibition. 

 

  

(a)                                                      (b) 

Figure 4.5. XRD curves of (a) E1 and (b) E2 samples with 0% and 100% 

strain at room temperature. 
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The RSME of E2 under the free-standing condition was also confirmed in 

Figure 4.6. The E2 sample was hot-pressed and cut into a dimension of 40×5×1 

mm. The sample was first heated to 75 °C for 4 min. It was then programmed to a 

V shape and quenched to 0 °C. After the temporary V shape with 36.1° was fixed, 

the external force was removed. It was then heated to 50 °C. A shape change 

was clearly observed with the angle opened up to 44.5°. Repeated cooling and 

heating cycles between 0 °C and 50 °C led to the angle actuation, as recorded in 

Figure 4.6b, demonstrating a good RSME of the E2 sample under the stress-free 

condition. 

(a)  
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(b)  

Figure 4.6. (a) RSME of E2 in a free-standing condition between 5 °C and 50 

°C. (b) angle actuation of a V-shape sample versus cooling and heating 

cycles. 

 

4.4.3 The mechanism for the reversible shape memory effect of 

thermoplastic polyolefin elastomer blends 

Based on the above experimental observations, we provide the following 

mechanistic explanation to RSME of the as-prepared thermoplastic polyolefin 

elastomer blends, as illustrated in Scheme 2. A wide continuous melting 

transition was realized through the simple blending of several commercial 

thermoplastic polyolefin elastomer components in an appropriate ratio. The 

blending yielded a wide and continuous size distribution of crystal domains in the 

blends. The largest crystals had the highest melting temperatures, and acted as 

physical crosslinks to keep the permanent shape in the range of experimental 

temperature. At the programming temperature Tp, the sample was programmed 
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and subsequently cooled to the low temperature Tlow, during which the polymer 

chains were oriented by the external programming force. All the crystals having 

medium and small sizes crystallized along the direction of chain orientation and 

the oriented crystallization induced an elongation. When the external force was 

removed at Tlow, a temporary shape A was fixed. Upon heating to the 

temperature Thigh, the small crystals would melt, while the large and medium 

crystals maintained the chain orientation and fixed a temporary shape B, which 

was contracted from the temporary shape A. Upon cooling to Tlow, the oriented 

chains crystallized again and induced an elongation back to the temporary shape 

A. The RSME was thus achieved. With a remaining external force during the 

experiment, the chain orientation would be more significant, resulting in a higher 

RSME. 
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Scheme 4.2. The mechanistic explanation for RSME of the thermoplastic 

polyolefin elastomer blends. 
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§ 4.5 Conclusions 

In summary, the multiple and reversible shape memory performance of 

polyolefin thermoplastic elastomer blends has been successfully demonstrated. 

Two types of thermoplastic polyolefin elastomer blends were prepared by simply 

blending of several commercial components having different melting 

temperatures. The resulted elastomers E1 and E2 contained a wide range of 

melting transitions from 10 °C to 100 °C. The one-way multiple shape memory 

effect was demonstrated in both E1 and E2 samples at the proper programming 

temperatures. Both E1 and E2 exhibited reversible shape memory effects under 

an external force through the mechanism of crystallization-induced elongation 

(CIE) and melting-induced contraction (MIC). However, only E2 possessed a 

reversible shape memory effect under the free-standing condition due to its broad 

melting transition and sufficient amount of the remained crystal domains with the 

melting temperature around the selected Thigh temperature in the experiments. 

This work reported on the first reversible shape memory polymer prepared from 

commercially available thermoplastic polyolefin elastomers. It significantly 

broadened the source of the materials for designing reversible shape memory 

polymers. The simple method through blending of the commercially available 

polymers facilitates easy and inexpensive preparation of thermoplastic reversible 

shape memory polymers on a large scale, and thus provides great opportunities 

for the development of reversible shape memory polymers. 
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§ 4.7 Supporting information 

  

 

A)                                                                     B) 

Figure S4.1. In situ XRD curves of A) E1 sample with 100% strain at room 

temperature, 50 °C, and 90 °C. And B) E2 sample with 100% strain at room 

temperature, 50 °C, and 75 °C. Both E1 and E2 samples were first heated to 

80 °C and kept for 4 min, then the sample was stretched to 100% strain and 

cooled to 5 °C at the rate of 5 °C/min and kept at 5 °C until measurement.  
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5 REVERSIBLE SHAPE MEMORY 

POLYMER FROM SEMICRYSTALLINE 

POLY(ETHYLENE-CO-VINYL ACETATE) 

WITH DYNAMIC COVALENT POLYMER 

NETWORKS 

In this chapter, the combination of a reconfigurable covalent polymer network 

and a reversible shape memory polymer based on poly(ethylene-co-vinyl acetate) 

is presented. This chapter is based on the paper published in the peer-reviewed 

journal, as follows: “Gao, Y.; Liu, W.; Zhu, S., Reversible Shape Memory Polymer 

from Semicrystalline Poly(ethylene-co-vinyl acetate) with Dynamic Covalent 

Polymer Networks, Macromolecules, 2018, 51(28), 8956-8963. (DOI: 

10.1021/acs.macromol.8b01724). Reprinted with permission from 
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§ 5.1 Abstract 

This work reports the reversible shape memory polymer (RSMP) by 

semicrystalline poly(ethylene-co-vinyl acetate) (PEVA) with dynamic covalent 

polymer networks. The ester linkages in the cross-linked PEVA acted as dynamic 

covalent bonds in the presence of a transesterification catalyst. This dynamic 

covalent network imparted the material with good thermal plasticity in a non-flow 

state at high temperature. The resulting PEVA possessed both the reversible 

shape memory effect (RSME) and thermadapt property. The thermadapt 

performance gave little adverse effect on the RSME. This work provides an 

approach to improve the reprocessability/recyclability of thermoset RSMPs 

through simple modification of commercially available polymers. 
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§ 5.2 Introduction 

Recently, shape memory polymers (SMPs) as an emerging type stimuli-

responsive material have attracted great attention in both academia and industry, 

especially in the areas of textiles, biomedicine and aerospace, due to their 

abilities that could memorize different shapes under certain external stimuli such 

as heat, light, redox, electromagnetic field, pH, and so forth.1-6  

Besides the remarkable progress in the conventional one-way shape 

memory polymers, the reversible shape memory polymers (RSMP), which could 

shift between two different temporary shapes back and forth without new 

programming, have become a focus in the shape memory polymer research.7 

Several types of shape memory polymers with reversible or two-way actuating 

property have been reported, such as polymer laminates,8 liquid crystalline 

elastomers (LCE),9 and semicrystalline polymers.10 Among them, the 

semicrystalline RSMPs are most interesting due to the abundance of their 

polymer structures and the relatively easy fabrication. 

Since the first attempt of Mather et al.10 who employed poly(cyclooctene) 

(PCO) as a RSMP under external stress, a series of semicrystalline polymers 

have been demonstrated to perform the reversible shape memory effect (RSME). 

So far, poly(caprolactone) (PCL),11 the poly(caprolactone) and 

poly(pentadecalactone) system,12,13 poly(octylene adipate),14 poly(tetramethylene 
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oxide) glycol,15 poly(ethylene-co-vinyl acetate) (PEVA),16-18 and polyolefins,19 

have been reported to have good reversible shape memory performance under 

tensile load or at free-standing conditions. Despite the diversity of semicrystalline 

RSMPs, the mechanisms of the RSME are identical. The semicrystalline RSMPs 

usually contain crystal domains having several levels of sizes. The large crystal 

domains act as “skeletons” and fix a first temporary shape at a relatively high 

temperature during programming. The small crystal domains would be oriented 

and crystallized along the “skeletons” upon cooling, resulting in a crystallization-

induced elongation (CIE) to fix a second temporary shape. The small crystal 

domains would melt upon heating and contract back to the first temporary shape, 

which is fixed by the large crystal domains. The so-called melting-induced 

contraction (MIC) upon heating and crystallization-induced elongation (CIE) upon 

cooling of the small crystal domains result in the reversible shape memory 

effect.2,7 

However, the majority of the reported RSMPs are thermosets, which is 

disadvantageous in recycle utilization. It represents a great challenge for material 

researchers to develop novel RSMP structures having improved processing 

performance for a wide range of potential applications. A feasible approach is to 

develop thermoplastic RSMPs. Li et al.20 demonstrated a thermoplastic 

poly(ethylene-co-methacrylic acid) and Maiti et al.21 demonstrated a 

thermoplastic polyurethane, that showed RSME. Gao et al.22 showed that the 

ethylene/1-octene diblock copolymer, a kind of polyolefin thermoplastic elastomer, 
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gave good RSME.23 These thermoplastic RSMPs could be melted at high 

temperature and remolded for resetting the permanent shapes. However, 

complicated molds were required in the fabrication of sophisticated shapes, 

which is a time- and resource-consuming process. In addition, compared with 

thermoset RSMPs, thermoplastic RSMPs usually exhibit poorer mechanical 

strength and weaker reversibility.6  

As a brand-new concept in polymer chemistry, the dynamic covalent polymer 

network has been introduced into polymer material design over the past few 

years.24,25 The dynamic covalent polymer network is composed of exchangeable 

covalent bonds such as ester bonds,26 carbamoyl bonds,27 and ally sulfide 

bonds.28 These bonds could break and form new connections under external 

stimuli or in the presence of catalysts. The dynamic covalent polymer networks 

are thus reconfigurable at a certain condition and the material maintains its 

original 3D shape. On the other hand, it is also very plausible that the polymers 

with dynamic covalent networks could be reprocessed and reshaped when the 

networks are rearranged, during which the polymers show a significant stress 

relaxation phenomenon. This unique feature of neither thermoplastic nor 

thermoset facilitates the design of novel polymer materials, which could be 

reshaped from a simple molded shape to a relatively more sophisticated shape. 

Recently, a variety of dynamic covalent bonds have been employed in the 

design and fabrication of shape memory polymers to improve their 
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reprocessability. Mather et al.29 reported a PCL network with anhydride linkages 

as the dynamic covalent bonds. Xie’s group demonstrated a series of reversible 

reactions and established different dynamic covalent networks in SMPs, such as 

transesterification,30 Diels-Alder reaction,31 and transcarbamoylation.32-34 They 

also coined the novel type of SMPs as “thermadapt” SMP. The “thermadapt” 

concept recognizes the unique material behaviors of thermal adaptability in 

reprocessing, and it also reflects the fact that such materials combine the 

processability of “thermoplastics” (linear chains) and the mechanical strength and 

thermostability of “thermosets” (three dimensional network).24 However, until now, 

the SMP with dynamic covalent network has been rarely reported for reversible 

shape memory effect (RSME). Only a few pioneering works on liquid crystalline 

elastomers with epoxy and ester groups as the dynamic covalent bonds were 

reported by Ji et al.35, 36 Anthamatten et al.37 introduced photoreactive ally sulfide 

groups into the PCL-based network to achieve the dynamic reactions. However, 

the photoirradiation could only reach surface areas and it is not effective for thick 

polymer devices. As thermoplastic RSMPs usually have poor mechanical 

strength and reversibility, and thermoset RSMPs are not recyclable, the 

thermadapt RSMPs provide a good opportunity for the design and synthesis of 

SMPs having good recycling, as well as mechanical and reversible shape 

memory properties. 

Very recently, Xie et al.38 reported a type of crystalline shape memory 

polymer with thermo- and photoreversible bonds, which combined the 
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“thermadapt” concept with the reversible shape memory effect (RSME). However, 

the introduced additional photoactive bonds may limit potential application 

conditions and result in a relatively complicated synthesis route. Poly(ethylene-

co-vinyl acetate) (PEVA) is a widely used commercial polar polyolefin product. 

Because of its broad range of melting transition, PEVA has also been 

demonstrated as one of the RSMPs and it has been well studied as polymer 

actuators.16-18,39,40 However, the abundant ester groups of PEVA have seldom 

been considered as potential reactive bonds in applications. In the present work, 

the PEVA polymer network is selected as the matrix RSMP. Our objective is to 

demonstrate that the ester bonds of PEVA could function as a type of important 

dynamic covalent bond, based on which novel thermadapt RSMPs could be 

developed. 

§ 5.3 Experimental Section 

5.3.1 Materials and Preparations 

Poly(ethylene-co-vinyl acetate) (25 wt% vinyl acetate, melt index 19 g/min), 

1,5,7-triazabicyclo[4.4.0] dec-5-ene (TBD), dicumyl peroxide (DCP), and toluene 

were purchased from Aldrich. All the chemicals were used without further 

treatment. 

Thermadapt RSMP sample taPEVA was fabricated as follows. 4.8 g of PEVA 

pellets, 0.1 g of TBD, and 0.1 g of DCP were dissolved and mixed in 100 mL of 

toluene. The mixture was then poured into a mold and evaporated at room 
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temperature and pressure for 15 h. The resulting elastomer was put into a mold 

with dimensions of 40 × 40 × 1 mm3 and molded on a hot press from Carver Inc. 

at 1000 6.9 MPa and 160 °C for 20 min. It was then cooled to room temperature 

to form a flat film. The counterpart thermoset RSMP sample tsPEVA was 

fabricated using the same method with 4.9 g of PEVA pellets and 0.1 g of DCP. 

5.3.2 Polymer Characterization 

The melting temperature (Tm) and crystallization temperature (Tc) were 

measured by a 2910 Modulated DSC (TA Instruments). Each sample was first 

heated to 160 °C at a heating rate of 50 °C/min, and kept at 160 °C for 3 min. The 

heating and cooling rates were 10 °C/min between 160 °C and −20 °C. The 

thermal data were obtained from the second heat segment. 

The gel content was measured as follows. 60 mg of each sample was 

soaked in 10 mL of toluene for 72 h with toluene being refreshed every 24 h. The 

polymer sample was then dried at 60 °C in a vacuum oven overnight until the 

sample reached a constant weight. The gel content was calculated as the weight 

ratio of the sample after and before the toluene extraction. The reported gel 

content data were an average of three repeat experiments. 

The mechanical properties and shape memory effects were measured by a 

2980 Modulated DMA (TA Instruments). The temperature-dependent modulus 

test was performed in a tensile mode. The sample film of 20 × 2 × 1 mm3 was first 

cooled to −70 °C, and then heated to 60 °C at a rate of 3 °C/min. The storage 
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modulus and loss modulus were measured with a frequency of 1 Hz and an 

amplitude of 0.3% strain. 

The stress relaxation effects were measured as follows. Each sample was 

first cut into the dimensions of 20 × 2 × 1 mm3 and loaded on the clamp of DMA 

under the stress relaxation mode. The sample was first heated to a high 

temperature (e.g., 80 °C) and kept for 4 min. The sample was then stretched to a 

constant strain of 40%. The stress relaxation curves at the temperature were then 

recorded. 

To measure the reversible shape memory effect, a typical procedure is as 

follows: The sample was heated to 75 °C for 4 min at the original strain εf0. It was 

stretched by a stress around 0.3 MPa. The temperature was then decreased from 

75 to 0 °C at a rate of 10 °C/min and the sample was annealed under the stress 

at 0 °C for 3 min. The stress was then removed and the sample was maintained 

at 0 °C for another 2 min. It was then heated to 50 °C by 10 °C/min and annealed 

for 3 min to obtain the reversible length εrb. After another cooling process to 0 °C, 

a stable length of εs was obtained. The cooling−heating cycles between 0 and 

50 °C were repeated five times. The reversible ratio Rrb was calculated as  

𝑅rb =  
𝜀s  −  𝜀rb

𝜀s  −  𝜀f0
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The FTIR measurement was performed on a Thermal NICOLET 6700 

spectrophotometer. XRD analysis was performed on a Bruker D8 DISCOVER 

with DAVINCLDESIGN diffractometer using Co as the anode material. 

§ 5.4 Results and discussion 

The design of thermadapt RSMPs is to incorporate dynamic covalent bonds 

into a RSMP system. In this work, PEVA materials were employed for the first 

time as the semicrystalline RSMP with thermadapt properties. Though PEVA 

materials have been demonstrated as an excellent RSMP, the abundant ester 

linkages in the network have not been utilized as the dynamic covalent bonds. 

We selected the organic base 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as the 

transesterification catalyst to transform the ester groups. The PEVA pallets, TBD 

and DCP were solution mixed and were then molded and cross-linked by a hot 

press to fabricate the elastomer films.  
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Figure 5.1. DSC heating and cooling curves of PEVA, tsPEVA and taPEVA 

samples. 

 

The thermal properties of PEVA and their cross-linked counterparts tsPEVA 

and taPEVA were first evaluated using DSC measurements to determine their 

memorable temperature range. Figure 5.1 shows the DSC cooling and heating 

curves in the second round after removing the thermal history. Each PEVA 

sample exhibited broad melting transitions, indicating there were a series of 

crystals consisting of crystalline methylene segments with different lengths. 

Longer methylene segments could form larger crystal domains, which could help 

to maintain chain orientation as the skeletons according to the CIE/MIC 

mechanism of RSME. Compared to PEVA, the maximum melting temperature Tm 

of taPEVA shifted slightly from 80 to 78 °C, while the maximum Tm of tsPEVA 

shifted to 71 °C. The cooling curve showed the same shifting trend to lower 
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temperature with Tc shifted from 54 °C for PEVA to 52 and 44 °C for taPEVA and 

tsPEVA, respectively, which could be explained as the lower crystallinity caused 

by the poorer chain mobility after cross-linking, and it also demonstrated that 

tsPEVA contained a higher cross-link density than taPEVA. Based on the DSC 

melting curves, the PEVA samples should exhibit RSME below 80 °C. In the 

following measurements, the programming temperature was selected to be 75 °C, 

a temperature range between 0 and 50 °C was selected to measure the RSME of 

PEVA samples. 

On the other hand, the vinyl acetate groups in PEVA may lead to an effective 

dynamic covalent polymer network. The cross-linking mechanism of PEVA in the 

presence of peroxide initiator (e.g. DCP) has been well studied a few decades 

ago.41, 42 As illustrated in Scheme 1, the peroxide initiator decomposes and 

generates radicals at high temperature. The PEVA radicals are generated by 

hydrogen abstraction mainly on the tertiary CH groups in the backbones and the 

methyl groups in the side chains. The PEVA radicals may be coupled through 

termination and generate three types of cross-links, with one of which containing 

C−C bonds, which is well-known as chemical cross-links. The other two types 

contain ester groups which may act as potential dynamic cross-links if the 

transesterification reaction could occur. 
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Scheme 5.1. The Mechanism of PEVA Cross-Link Reactions 

 

5.4.1 Thermally-Induced Plasticity Measurements 

It is hypothesized that the abundant ester groups in tsPEVA provide a 

possible rearrangement of the polymer network by transesterification reactions. 

However, it has not been demonstrated in the literature. The thermadapt property 

of PEVA was thus investigated with a transesterification catalyst. It is challenging 

to directly characterize breaking and re-forming of the chemical bonds in polymer 

films. Fortunately, the dramatic stress relaxation behavior could imply the 

thermally-induced plasticity.30-34 The stress relaxation of taPEVA in the first 60 

min was measured at a temperature range from 60 to 130 °C, as shown in Figure 

5.2. It is shown that within 60 min, a complete stress relaxation was not achieved 

at the temperature below 80 °C. As the temperature increased, a shorter time 
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was required for a complete stress relaxation. The time needed for complete 

relaxation reduced from about 38 min at 90 °C to 2 min at 130 °C, which is a 

reasonable time frame for experiments to demonstrate an ideal thermally-induced 

plasticity. In comparison, the tsPEVA film gave only 20% relaxation in 60 min at 

80 °C (Figure S5.2). The gel content of taPEVA was 76.2% while that without 

TBD was 97.8%, also demonstrating that there was a certain amount of ester-

cross-linked PEVA chains degraded in the presence of TBD, which could be the 

potential transesterification sites. The FTIR analysis also indirectly verified the 

fracture of ester bonds after reheating of taPEVA in the presence of TBD (Figure 

S5.3). As TBD was the only difference in composition between those two cross-

linked PEVA films, TBD was believed to be the reason for endowing the PEVA a 

dynamic covalent network through the transesterification reactions, as illustrated 

in Scheme 2. The taPEVA has demonstrated good plasticity at high temperature 

in the stress relaxation experiments. It thus became possible to remold its 

permanent shape at the non-flow state. 
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Figure 5.2. Normalized stress relaxation curves of taPEVA film at 60, 70, 80, 

90, 110, and 130 °C in the first 60 min. 

 

Based on the stress relaxation measurements, any temperature above 80 °C 

could be selected as the permanent shape deformation temperature (Td). 

However, since the endothermic peak of taPEVA could reach 90 °C as seen in 

the DSC curves, a higher temperature 120 °C was selected as Td, separating it 

from the Tm of PEVA. In addition, the deformation at 120 °C gave an appropriate 

relaxation time, allowing for convenient operation in the experiments. 

 

In terms of visible display, the dynamic covalent polymer network was further 

confirmed by the manual permanent shape deformation. As shown in Scheme 2B, 

a film with the permanent shape I was heated to 120 °C first and kept at the 



Ph.D. Thesis – Yuan Gao McMaster University – Chemical Engineering 

137 

temperature for 10 min to ensure stress relaxation. The shape was then 

deformed manually to an S shape and maintained an isotherm for another 10 min, 

during which the original cross-linking network was broken, and a new polymer 

network was formed through the transesterification reaction. The film was cooled 

to room temperature, and the S shape was fixed as a new permanent shape. The 

dynamic nature of the covalent network was thus confirmed. This permanent S 

shape resulted from the rearrangement of taPEVA network at 120 °C, which had 

little effect on the intrinsic shape memory performance. In a normal one-way 

shape memory cycle, the permanent shape S was heated to the programming 

temperature Tp = 75 °C and deformed to a new temporary shape M. The external 

force was removed after the film was cooled to Tlow = 5 °C to fix the temporary 

shape M. It should be noticed that when the film was heated back to 75 °C, the 

temporary shape M recovered to the permanent shape S, but not to the original 

simple shape I, suggesting that the shape S was a veritable permanent shape 

after the network rearrangement at 120 °C. The deformation of permanent shape 

induced by the transesterification reaction could be repeated to reset new shapes 

at the deformation temperature.30 In contrast, tsPEVA could only perform a 

typical shape memory effect, but no thermal adaptability. 

 

A)  
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B)  

Scheme 5.2. A) Transesterification reactions in taPEVA network, B) 

Illustration of dynamic structure in the taPEVA system, the film size was 40 

× 5 × 1 mm3. 

 

5.4.2 Reversible Shape Memory Effects 

The reversible shape memory effect was measured in the same way as 

reported in the literature.23 The detailed programming procedure for RSME was 

depicted in the Experimental Section. The sample was heated and cooled 

between 50 and 0 °C five cycles under a stress-free condition. Figure 5.3 shows 

the strain variation curves of taPEVA and tsPEVA. The taPEVA upon heating and 
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cooling yielded a reversible strain of 16.9% and a reversible ratio of 10.0%. 

These values were similar to the recently reported semicrystalline shape memory 

polymers with thermo- and photoreversible bonds under similar prestretched 

strains.38 With tsPEVA, the reversible strain decreased to 10.6%, but the 

reversible ratio of 10.7% had little change. In the presence of TBD, the taPEVA 

showed a higher prestretched strain of 150%, in comparison to 50% in tsPEVA, 

indicating less stable ester linkages in the presence of TBD, which decreased 

strength of the material and increased mobility of the chains.  

(a)  
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(b)  

Figure 5.3. Reversible shape memory effect measurement by DMA of (a) 

taPEVA and (b) tsPEVA under prestress of 0.3 MPa. 

 

5.4.3 Thermadapt Reversible Shape Memory Effects 

From the above illustrations, it becomes clear that PEVA represents a type of 

efficient thermadapt material and a new kind of RSMP. In this part, a multistep 

measurement was conducted to combine the thermadapt effect with RSME. A 

taPEVA sample was first programmed with the prestress of 0.3 MPa under 

controlled force mode, as in a typical RSME measurement. The stress–strain 

curve upon the cooling and heating process under free-standing conditions is 

depicted in segment I of Figure 5.4a, yielding RSME with a reversible strain of 6.4% 

and a reversible ratio of 7.5%. After being annealed at 80 °C, the sample 

recovered to the strain of 12.3% was cooled to room temperature. The sample 

was then programmed with a stress relaxation process when stretched to 57.3% 

from 12.3% at 120 °C under a small stress in segment II. As shown in Figure 5.4b, 
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the sample completed the stress relaxation in 1.5 min, and it was cooled to room 

temperature again for a further RSME measurement. In segment III of Figure 

5.4a, a prestress of 0.3 MPa under controlled force mode was again performed, 

and the strain value was recorded for the second RSME measurement after the 

stress relaxation process. The sample after the complete stress relaxation could 

still display RSME with a reversible strain of 7.0% and a reversible ratio of 8.8%, 

demonstrating that the taPEVA could still achieve RSME after the permanent 

shape reset. The smaller reversible strains in segment I and III in Figure 5.4a 

than that in Figure 5.3a were caused by the shorter prestretching time and the 

smaller prestrain limited by the DMA machine.23 Similar results were also 

reported by Xie et al. that the reversible strain increased with the prestretch 

strain.38 However, the reversible ratio did not show significant difference between 

segment I and III in Figure 5.4a, suggesting the orthogonality between the RSME 

and the thermadapt property. 
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(a)

 

(b)  

Figure 5.4. (a) Reversible shape memory cycle (segments I and III) and 

stress relaxation (II) measurements by DMA of the same taPEVA sample. (b) 

Stress relaxation curve of taPEVA at 120 °C in segment II, the 

instantaneous stress relative to the initial stress was shown. 
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The thermadapt RSME could also be displayed by visual deformation. A 

newly fabricated sample with a permanent shape I was first heated to 80 °C for 

10 min, then programmed and folded to a V shape and cooled to 0 °C. The 

external force was removed after 2 min at 0 °C, when the temporary shape V was 

fixed. In Figure 5.5a, when the sample with an angle of 59.8° was heated to 

50 °C by hot air, the angle of V shape opened to 68.8°. When cooled by cold air 

to 0 °C, the angle of the V shape closed back to 59.8°. These open and close 

actions could be repeated in the heating and cooling cycles without additional 

manual deformation, as recorded in Figure 5.5b, showing a good reversible 

shape memory effect. The angle showed a trend of slight increase with the repeat 

cycles, attributed to possible material relaxation that occurred after cyclic heating, 

as it has already been demonstrated in Figure 5.2. The sample was further 

heated to 120 °C for 30 min, manually reset to an S shape, and then cooled to 

room temperature to fix the new permanent shape S. The sample with the new 

permanent shape was heated at 80 °C for 10 min and then programmed to a 

temporary pinched shape S, as shown in Figure 5.5a. After the pinched shape S 

was fixed at 0 °C, the temperature was varied between 50 °C and 0 °C, the 

pinched shape S could also exhibit a reversible open and close shape shift, 

demonstrating taPEVA as a new kind of thermadapt RSMP. It should be noticed 

that the reversible angle shift of taPEVA shown in Figure 5.5 was smaller than 

that in the other reference,16 which was due to that the PEVA used in this work 

has a higher content of vinyl acetate and higher melting index than that in ref 16, 
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indicating poorer crystallization capacity and lower molecular weight in the 

present taPEVA system, which resulted in a poorer ability of chain orientation. As 

a result, the taPEVA showed a smaller change in angle than that in ref 16. 

Increasing the actuating temperature and the programming strain would increase 

the reversible ratio and thus increase the bending and recovery angle. 

 

(a) 
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(b)  

Figure 5.5. Reversible shape memory effect of taPEVA. (a) Photographs of 

the angle change, (b) Plot of the angle change of the temporary shape V in 

heating and cooling cycles. 

 

Based on the above measurements, a mechanism for the thermadapt RSMP 

was proposed. As shown in Figure 5.6, PEVA materials contained abundant ester 

groups on the side chains, which could act as cross-linkers in the presence of 

TBD. The taPEVA materials performed a representative reversible shape 

memory behavior below its maximum melting temperature Tm. The taPEVA 

sample was programmed to a temporary shape 1A from its permanent shape 1 at 

the programming temperature (Tp). After cooling to a low temperature (Tlow), the 

temporary shape 1A was fixed by crystallization. The formation of oriented 

crystallization was demonstrated by the XRD spectra, as shown in Figure S5.4. 

When the sample was heated to a high temperature (Thigh), the small crystal 

domains partly melted and the sample contracted to a temporary shape 1B. The 

taPEVA sample achieved the RSME between the temporary shapes 1A and 1B 
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upon cooling and heating between Tlow and Thigh due to the CIE/MIC mechanism. 

When the sample was heated back to the programming temperature Tp, it 

recovered to the permanent shape 1. When the sample was further heated to the 

deformation temperature Td (dynamic state temperature) above the maximum 

melting temperature Tm, all the crystal domains melted and the ester groups in 

the polymer network reached their dynamic state and transformed to dynamic 

covalent bonds in the presence of the transesterification catalyst TBD. The ester 

groups broke and re-formed dynamically and induced plasticity into the taPEVA 

network. Once the sample was deformed to a new shape at Td and cooled to a 

temperature below Tm, the new permanent shape 2 was fixed. The reset sample 

also performed typical reversible shape memory cycles between the temporary 

shapes 2A at Tlow and 2B at Thigh under the same mechanism of crystallization-

induced elongation (CIE) and melting-induced contraction (MIC). However, when 

the sample was heated back to Tp, it recovered to its permanent shape 2, but not 

the permanent shape 1. In addition, another new temporary shape could also be 

reprogrammed at Tp and refixed by cooling. Furthermore, when it was further 

heated again to Td, another new permanent shape could be reset. The tensile 

strength and modulus of taPEVA did not decrease after a second hot pressing, 

as shown in Figure S5.5. The recyclability and reprocessability of the thermadapt 

reversible shape memory polymer were further demonstrated by recycling, as 

shown in Figure S5.6. 
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Figure 5.6. Mechanism illustration of taPEVA as the thermadapt RSMP.  
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§ 5.5 Conclusions 

The cross-linked PEVA materials with the transesterification catalyst TBD 

have been demonstrated to possess both the reversible shape memory effect 

and thermadapt property. The broad range of melting transitions from different 

sized crystal domains formed by various crystalline segment lengths in the PEVA 

chains facilitate the crystallization-induced elongation and melting-induced 

contraction performance of the PEVA materials. The transesterification reactions 

in the presence of TBD result in a dynamic covalent polymer network, which 

endows PEVA an excellent thermadapt performance. This work reports the first 

semicrystalline thermadapt RSMP based on commercially available polymers. 

The idea to improve reprocessability of cross-linked RSMP through simple 

modification of commodity polymers provides a great opportunity for the 

development of commercial shape memory materials. 
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§ 5.7 Supporting Information 

(a)  

(b)  

Figure S5.1. Temperature dependent modulus curves of (a) tsPEVA and (b) 

PEVA from -70 °C to 60 °C at a rate of 3 °C/min. 
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Figure S5.2. Stress relaxation curve of tsPEVA at 80 °C. 
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Figure S5.3. FTIR spectra of taPEVA material before hot-pressing, taPEVA, 

and taPEVA after reheating at 160 °C for 20 min.  

 

The absorbance between 3200 and 3600 cm-1 assigning to the hydroxyl 

groups (OH) intensified after reheating of taPEVA, indicating the breakage of 

ester bonds and formation of more hydroxyl groups after reheating in the 

presence of the TBD catalyst. The fracture of ester bonds is the basis of dynamic 

crosslinking network rearrangement. Therefore, from this viewpoint, the FTIR 

spectra did indirectly verify the dynamic crosslinking. 

 

 

(a)                                                         (b) 

Figure S5.4. XRD spectra of (a) tsPEVA and (b) taPEVA. Two samples were 

first heated to 75 °C for 5 min, then one sample was put into ice-water 

mixtures directly as the 0% strain sample, the other was stretched to 100% 

strain at 75 °C and then put into ice-water mixtures to form the 100% strain 

sample. 
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Figure S5.5. Stress-strain curves of taPEVA and taPEVA after second hot 

pressing. Samples were cut into dog-bone shape (30×5×1, mm) and were 

tested at an elongation rate of 50 mm/min with an Instron 3366 tester 

(Instron, Corporation; Canton, MA) at room temperature. 

 

(a)  
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(b)  

Figure S5.6. Reprocessing of (a) taPEVA and (b) tsPEVA under hot press at 

160 °C for 20 min.  

 

As shown in Figure S5.5, the tensile strength and modulus of taPEVA did not 

lose after recycling. The photos in Figure S5.6 also demonstrated good 

reprocessability of taPEVA. In comparison, tsPEVA without TBD catalyst could 

not be reprocessed.  
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6 POLYOLEFIN ELASTOMER BLEND 

FOAMS WITH REVERSIBLE SHAPE 

MEMORY EFFECT   

In this chapter, the reversible shape memory effect of a polyolefin-based 

foam material is demonstrated and presented. This chapter is based on the 

manuscript entitled “Polyolefin Elastomer Blend Foams with Reversible Shape 

Memory Effect”. 
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was provided by Dr. Zhu. 

 

§ 6.1 Abstract 

This work reports on the first polyolefin-based reversible shape memory 

polymer foam. Two polyolefin elastomers (POE) are blended with differing 

contents and then foamed to obtain a material with broad melting transitions. The 

prepared foams exhibit a one-way shape memory effect and a reversible shape 

memory effect (RSME). The crystallization-induced elongation (CIE) and melting-

induced contraction (MIC) are confirmed as the mechanisms of RSME for this 

material. This work demonstrated that inexpensive polyolefin-based foams could 

achieve novel RSME through simple blending of commercial POE resins. 

§ 6.2 Introduction 

During the past few decades, shape memory polymers have had a 

tremendous impact in industrial and academic areas due to their multifaceted 

behaviour, being able to “memorize” one or several temporary shapes and then 

recover their permanent shape under certain external stimuli, such as thermal, 

light, electricity, magnetic, pH, etc.1-7 Typically in a shape memory polymer, there 

is a stable network with chemical or physical crosslinks to fix the permanent 

shape, and a reversible switch transition such as its glass transition or crystal 
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melting transition to fix a temporary shape(s). Responding to an external trigger, 

the polymer in its temporary shape can recover to its permanent shape. Any 

polymer material containing a stable network and a reversible switch transition 

should exhibit a shape memory effect. There are many different shape memory 

polymers currently available for industrial applications in aerospace,8 

biomedicine,9 and textiles.10 

Besides the conventional one-way shape memory polymers that can exhibit 

one or several temporary programmed shapes and recover in one direction to a 

permanent shape, a new two-way or reversible shape memory effect (RSME) has 

been recently reported for shape memory polymers that can shift between two 

different temporary shapes depending on an external stimulus and without the 

need for extra programming steps.11 The mechanism of this shape shifting effect 

was discovered to be crystallization-induced elongation (CIE) upon cooling and 

melting-induced contraction (MIC) of the oriented crystal domains upon heating. 

This mechanism has been successfully demonstrated with semicrystalline 

polymers such as poly(cyclooctene) (PCO),12 poly(octylene adipate),13 

polycaprolactone (PCL),14 and poly(ethylene-co-vinyl acetate) (PEVA).15 

In the early days, most shape memory polymers were studied in their bulk 

form for fundamental research, to examine shape memory effects and their 

related macromolecular mechanisms and mechanical properties. Besides shape 

memory polymers in their bulk form, recently researchers have studied other 

forms for potential applications, such as shape memory surfaces,16 shape 
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memory hydrogels,17 shape memory microparticles,18 and shape memory 

foams.19, Among these applications, shape memory foam or porous shape 

memory polymers are attracting the majority of attention from scientists since 

they appear to have many commercial applications and the deformational 

changes related to its shape memory tend to be more obvious.20 Thus, it is of 

great interest to endow polymer foam materials with shape memory effects 

through controlled structural design. The resulting material could combine the 

highly valued shape memory effect with the advantages of high specific modulus, 

high specific strength and low density indicative of polymer foam materials. 

In the last few years, many shape memory polymer foam materials have 

been fabricated applying various fabricating methods to obtain certain porous 

structures, by chemical or physical blowing agents,21 particulate leaching,22 

polymerized high internal phase emulsions (polyHIPE),23 electrospinning,24 etc. 

Until now, the most significantly used shape memory polymer foams have been 

polyurethane (PU)-based and epoxy-based foams, notably applied in self-folded 

and self-deploying devices in aerospace assemblies 25 due to their low density, 

chemical stability, and excellent shape-changing ratio. The healthcare field is 

another area of high use, such as scaffolds in tissue engineering,26 or biomedical 

implants with shape changing features to minimize the size of surgical incisions.27 

Though there are many reports on various shape memory polymer foams, 

research on those with reversible behavior are still rare. In 2013, Mather and 

coworkers22 prepared a highly porous foam scaffold with crosslinked 
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polycaprolactone (PCL) and poly(ethylene glycol), foamed by a modified porogen 

leaching technique. This foam exhibited reversible actuation under compression. 

However, the mechanical strength of the foam was not discussed in their work. 

Lendlein and coworkers28 fabricated a water-blown polyurethane foam with PCL 

of differing molecular weights. The authors studied the RSME in compression, 

tension, and bending modes, and demonstrated that the RSME in tension mode 

was caused by CIE and MIC similar to earlier RSME mechanisms. However, in 

compression and bending modes, the mechanism of RSME was more 

complicated in their material than just CIE and MIC. Li and coworkers29 prepared 

a PCL based syntactic foam by incorporating 40% (v/v) glass microspheres and 

crosslinking the PCL matrix with benzyl peroxide. Their crosslinked PCL syntactic 

foam displayed RSME with around 10% elongation upon cooling and 10% 

contraction upon heating at selected external loads and temperatures. Till now, 

the reported reversible shape memory polymer foams have all been PCL-based. 

It is of great significance to explore new material types for potentially reversible 

shape memory polymer foams. 

Polyolefins can be designed as semicrystalline shape memory polymers and 

have been widely applied as commodity products in daily use such as heat-

shrinkable tubing, packaging, etc.30 The shape memory effect is seen with 

several polyolefins such as LDPE,31 HDPE,32 short-chain branched 

polyethylene,33 trans-polyisoprene,34 and polyolefin blends.35 With specialized 

catalysts and unique methods for polyolefin polymerization being developed over 
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the past few decades, more and more polyolefin elastomer materials with 

controllable chain structures are being successfully fabricated,36, 37 with some in 

commercial use already.38 These new elastomers are opening doors to 

fabricating novel polyolefin-based shape memory polymer on large scale and at 

low cost.39, 40 In Chapter 3, ethylene/1-octene diblock copolymer was 

demonstrated as a thermoplastic polyolefin elastomer with ‘multiple shape 

memory’ effect and RSME through delicate polyolefin chain structure design. 

Furthermore, POE blends with appropriately designed compositions were 

demonstrated in Chapter 4 with RSME, showing excellent potential for being 

produced on a large scale. With progress in polyolefin-based reversible shape 

memory polymers (RSMP), different forms and new applications can be expected. 

Various polyolefin materials have been foamed such as polyethylene,41 

polypropylene,42 ethylene–styrene interpolymers,43 due to their advantages of low 

cost, chemical resistance, light weight, thermal insulation, skin friendliness, 

negligible water absorption, shock absorption, and buoyancy.44 However, in 

contrast to previously mentioned PU and epoxy-based shape memory polymer 

foams, polyolefin-based shape memory polymer foams are not reported. In this 

newly report work, POE blend foams are shown to behave with the RSME and 

demonstrate large volume change in the display of the effect, expanding the 

applications of commercial polyolefin materials. 
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§ 6.3 Experimental Section 

6.3.1 Materials and preparation 

Polyolefin elastomers Engage™ 8003 and Engage™ 8180, were purchased 

from Dow Chemicals, while dicumyl peroxide (DCP) and sodium bicarbonate 

(NaHCO3) were purchased from Sigma-Aldrich. All chemicals were used as 

received. The POE blends were fabricated in Thermo Haake Rheometer. POE 

raw materials were added into the mixer at 85 °C and blended for 6 min, then 

sodium bicarbonate and DCP were added into the mixer for 2 min. Table 6.1 

summarizes the recipes of three prepared elastomer blends. For the subsequent 

foaming step, each POE blend was molded in a hot press (Carver; USA) at 10.3 

MPa and 170 °C for 15 min to produce rectangular shapes with dimensions of 

40× 40 × 30 mm3. 

 

Table 6.1 Recipes of the POE blend foam series 

Samples P1 P2 P3 

Engage™ 8003 120 g 90 g 60 g 

Engage™ 8180 60 g 90 g 120 g 

NaHCO3 5 g 5 g 5 g 

DCP 2.7 g 2.7 g 2.7 g 
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6.3.2 Polymer characterization 

The thermal properties were measured by differential scanning calorimetry 

(DSC). The crystal melting temperature Tm and crystallization temperature Tc was 

measured in a Model 2910 Modulated DSC (TA instruments). Samples between 

6.0 mg and 9.0 mg were first heated to 160 °C with the heating rate of 50 °C/min 

and then kept at 160 °C for 5 min to remove their thermal history. Afterwards, the 

temperature was cooled to -20 °C with a rate of 10 °C/min to measure Tc, kept at 

-20 °C for 5 min and finally, heated back to 160 °C at a rate of 10 °C/min. The Tm 

was obtained from the second heating curve. 

Reversible shape memory effects in tension mode were measured by dynamic 

mechanical analysis (DMA) with a Model DMA850 from TA instruments. To test 

the RSME in free-standing conditions, a typical process was as follows: a sample 

(e.g. P1) was heated to 85 °C for 4 min, and the strain was recorded as ɛf0. It was 

then stretched at a constant stress of 0.2 MPa, cooled from 80 to -5 °C at a rate 

of 5 °C/min, and then annealed at -5 °C for 3 min still under stress. After 

removing the stress, the sample was kept at -5 °C for another 2 min, then heated 

to 55 °C and annealed for 3 min to obtain the reversible strain ɛrb. After another 

cooling process to -5 °C, a stable strain ɛs was obtained. The cooling-heating 

segments between -5 °C and 55 °C were repeated for 4 cycles. The reversible 

ratio Rrb was calculated from: 

𝑅rb =
𝜀s  −  𝜀rb

𝜀s  −  𝜀f0
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An angle change demonstration was operated as followed. Foam sample was cut 

into flat shape with the dimensions of 40 × 8 × 8 mm3. The sample was first put 

into an oven with 85 °C for 5 min to reach the programming temperature, then the 

sample was folded and quenched to -5 °C by cold air. After removing the external 

force, the temporary shape with a small angle of 0° was fixed. Then the sample 

was treated to several heating and cooling cycles by hot air and cold air stream 

and the temperature range was controlled as -5 °C and 50 °C. 

The foam micromorphology was measured by TESCAN VEGA II LSU SEM. 

Each sample was fractured in liquid nitrogen, and then the samples were sputter-

coated with 5 nm of gold prior to observation. 

The X-ray diffraction (XRD) analysis was performed on a Bruker D8 

DISCOVER with DAVINCI.DESIGN diffractometer using Co as the anode 

material. The sample was scanned from 10° to 35° with a scanning increment of 

0.02° at 35 kV generator voltage and 45 mA current. The sample stage of the 

machine could provide heat so that the samples could be tested at various 

temperatures in situ. 

§ 6.4 Results and discussion 

The series of crosslinked POE blend foam samples were designed and 

fabricated as the recipe shown in Table 1. Commercial POE Engage™ 8003 and 

Engage™ 8180 were blended together to contribute a broad melting transition, 

and NaHCO3 was selected as the blowing agent to coordinate with the 
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approximate crosslinking temperature at 170 °C. The density of each sample was 

controlled at around 0.40 g/cm3. 

6.4.1 Thermal properties 

The crystal melting transition range of each polyolefin blend foam was 

measured first for identifying the range of the programming temperature Tp that 

could be selected for shape memory effect test. DSC curves corresponding to the 

second heating cycle for crosslinked POE blend foam samples P1, P2, and P3 

and the two original polyolefin elastomers, Engage™ 8003, Engage™ 8180 are 

shown in Figure 1. Engage™ 8003 showed a melting transition with a peak at 

85.1 °C, while Engage™ 8180 showed a broader melting transition with a peak at 

52.1 °C. Both POEs contained a size distribution of the crystalline domains with 

the crystalline domains in Engage™ 8003 being larger. According to the similar 

composition and chemistry environment, blends of these two POEs should be 

compatible, giving a broadened melting transition peak because the polymer 

chains with different hard segment lengths were more likely homogeneously 

mixed and a series of new crystal domains with different sizes were formed. The 

three foam samples showed melting transitions spanning from 85 °C to -5 °C, 

which could be utilized as the switch transition in a shape memory polymer. As 

Engage™ 8180 content progressively increased in the foam samples from P1 to 

P3, a melting peak at 52.1 °C was not obvious for P1 but it was significantly 

noticed in P3. Thus, according to the DSC curves, the range of the programming 

temperature Tp could be confirmed. 
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Figure 6.1. DSC heating curves of Engage™ 8003, Engage™ 8180 and the 

three POE blend foams prepared in the study: P1, P2, and P3. 

 

6.4.2 Micromorphology 

The foaming agent NaHCO3 of the POE blend foams was chosen to match 

the foaming (decomposition) temperature with the reaction using DCP to arrive at 

a desired density of 0.4 g/cm3 and appropriate crosslink density. The gel contents 

of the 3 samples were all measured around 90%. The controlled morphology had 

significant importance on the shape memory effect, as discussed later.  

SEM micrographs of the three POE blend foams are shown in Figure 2. All 

samples exhibited closed-cell structures with cell diameters ranging from 200 μm 

to 500 μm, which is small but not very homogeneous. On the other hand, the 
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micrographs showed cells of irregular shape, which may affect the physical 

properties. Despite the different POE contents, the micromorphology of three 

POE blend foam samples appeared similar to one another under the same 

foaming and crosslinking conditions. 

(a) (b) (c)  

Figure 6.2. SEM micrographs of POE blend foams: (a) P1, (b) P2, and (c) P3. 

 

6.4.3 Reversible shape memory effect 

Shape memory responses seen in tension mode by DMA for the POE blend 

foams are displayed in Figure 3. The data shows that the stretched samples 

under external loading of 0.14 MPa exhibited a higher elongation rate during 

cooling from 60 °C to 0 °C, which represented the crystallization temperature 

range of the POE blend foams; the higher elongation rate was considered to be 

an indication of the CIE effect of the material under external loading. As the 

temperature subsequently increased from -5 °C to 55 °C, the sample partially 

contracted with a reported reversible strain ɛrb of 64.75% in P1, 56.93% in P2 and 
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44.33% in P3 since the crystal domains of low melting temperature had melted 

and any previous temporary shape could not be fixed as a result. In the following 

cooling step, the temperature decreased from 55 °C to -5 °C with the rate of 

5 °C/min while the sample was remained mounted in the DMA without applied 

stress. As shown in Figure 3, all of the samples P1, P2, and P3 showed 

elongation during cooling. Then the stable strain ɛs of the sample could be 

recorded as 74.83% in P1, 67.05% in P2 and 51.62% in P3, and the reversible 

ratio Rrb of the POE blend foams P1, P2 and P3 were 13.6%, 15.3%, and 15.0%, 

which was a relatively high value compared to other reversible shape memory 

foams or polyolefin-based RSMPs in the literature when treated with similar 

prestrain.28, 45, 46 The cooling and heating cycle could be repeated for at least 4 

times per specimen in this test. Thus the RSME of the POE blend foam was 

successfully demonstrated. Currently, this work is the first know demonstration of 

a reversible shape memory polymer foam based-on polyolefin materials. 
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(a) 

  

(b) 
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(c) 

 

Figure 6.3. RSME of POE blend foams (a) P1, (b) P2, and (c) P3 in tension 

mode and in loading-free condition. 

 

The RSME of the POE blend foams could also be demonstrated directly in 

bending mode through the angle change test.47, 48 Sample P1 was selected for 

the demonstration, with results shown in Figure 4. As the temperature increased 

to 55 °C, the angle of the sample changed by 22°, and when the sample was 

lower temperature to -5 °C again, the angle of the sample decreased to 2°. The 

20° angle change of the foam sample could be observed and could repeat for at 

least 4 cycles, as shown in Figure 4. This is a more qualitative method compared 

to the DMA results but it is considered equally as evidence of RSME. 
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Figure 6.4. An angle change of POE blend foam P1. 

6.4.4 XRD analysis 

The XRD analysis of the POE blend foam was shown in Figure 5 to explore 

crystallinity changes at the different stages of the shape memory response cycle. 

In Figure 5 (a-c), the three POE blends were characterized at room temperature 
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after first being deformed to 50% strain at 85 °C to program their temporary 

shape then cooling to -5 °C to fix the temporary shapes. In these three plots, the 

blend samples were compared to their unstrained counterparts (experiencing the 

same thermal treatment but no strain). Each sample equilibrated in the XRD 

sample stage for 5 min before testing. Seen in the diffractogram of Figure 5(a) for 

P1, there were broad peaks at 23° attributed to the amorphous phase, and all 

blend samples showed higher signal peaks at 25° which was attributed to 

reflections in the (110) crystallographic plane. The peak at 27° represented 

reflections in the (200) crystallographic plane. The samples with frozen strain 

showed the highest ratio value between the (110) peak and amorphous phase 

peak in P1 while the lowest ratio value was found in P3, showing the ratio was 

significantly influenced by Engage™ 8003 content as a dominant contributor of 

crystallizability. The higher reflection peaks in the curves of strained POE blend 

foams compared to their unstrained counterparts also indicated that the strained 

POE blend foams generate more crystalline domains, though oriented and frozen 

in place from the programming.  

Thermophysical changes in the crystallinity of each of the three strained 

foam samples, relevant to their programming for RSME, are depicted in Figure 

5(d-f). The samples were studied at the programming temperature Tp 85 °C and 

an intermediate temperature (55 °C) in RSME testing cycle to compare crystalline 

morphology with samples at room temperature. As the temperature increased 

from 25 °C to 55 °C, all three strained samples exhibited a decrease on the 
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reflection intensity of the (110) plane, indicating crystallinity decreased due to the 

melting of crystal domains. However, there were still crystal domains remaining 

according to the XRD spectra at 55 °C which were able to still constrain many of 

the stretched and oriented polymer chains. At 85 °C, the reflection intensity of 

(110) plane of the three samples had almost disappeared due to the melting of 

nearly all crystal domains in the samples. 

(a)  (b)  

(c)  (d)  
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(e)  (f)  

Figure 6.5. XRD diffractograms of foam samples (a) P1, (b) P2, and (c) P3 in 

0 and 50% strain being evaluated at room temperature (25 °C); and 50% 

strained foam samples (d) P1, (e) P2, and (f) P3 being heated during the 

characterization to 25 °C, 55 °C and 85 °C. 

 

6.4.5 Mechanism 

Based on the results shown in this chapter, a mechanism of POE blend foam 

could be proposed and conceptually shown in Figure 6. The porous materials 

based on the POE blends had broad melting transitions and crystal size 

distributions. The crosslinks in the materials provided sufficient network strength 

for the shape recovery as well as constrained the chain conformation for further 

crystallization steps.13 The crystal domains with different sizes could fix certain 

chain conformations while the material was kept below their crystallization 

temperatures. Thus, once the foam sample was shaped at their programming 

temperature and cooled down to a lower temperature Tlow, the newly deformed 
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temporary shape ‘A’ would be fixed after external forces were removed. On the 

other hand, when the temperature increased the temporary sample shape ‘A’ 

would begin to recover aspects of its permanent shape gradually, since the 

crystal domains melted in order of smallest to largest crystallites. When a 

relatively high temperature Thigh was reached, though still within the melting range 

of the material, a temporary shape ‘B’ could then be fixed by the remained crystal 

domains. Because the strained chain conformation still existed in the foams, 

when the temperature decreased again, the small crystal domains would 

crystalize along the stretched chain and induced an elongation according to the 

CIE effect, thus the sample shape would change to temporary shape ‘A’ again to 

demonstrate the RSME. Due to the porous structure, the samples exhibit a larger 

volume change than denser counterparts. Once a foam sample was heated back 

to the programming temperature, the sample would recover to its permanent 

shape and loss its memory of the temporary shapes due to the disappearance of 

the oriented chain conformation. 
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Figure 6.6. Mechanism of reversible shape memory POE blend foams. 

 

§ 6.5 Conclusions 

In summary, POE blend foams with tunable composition were demonstrated 

to exhibit the RSME was possible with polyolefin-based materials. A mechanism 

for the reversible shape memory POE foam was proposed, which was CIE and 

MIC effect of the oriented crystal domains. The current POE blend foam was the 
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first reported reversible shape memory foam based on polyolefin materials. This 

work would expand the material resource for obtaining RSMP foams, especially 

from commercial POE products. 
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7 CONTRIBUTIONS AND 

RECOMMENDATIONS 

In this chapter, the major contributions of this thesis work are summarized. 

The recommendations on future potential directions in the field of reversible 

shape memory polymer is then provided by the author. 

 

§ 7.1 Contributions 

The major contributions in this thesis on polyolefin-based reversible shape 

memory polymers are highlighted as follows: 

• A new reversible shape memory polymer based on thermoplastic pure 

hydrocarbon material is firstly proposed and its multiple and reversible 

shape memory effect were demonstrated. It is shown that thermoplastic 
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polyolefin elastomer with designed chain structure can form a broad 

distribution of crystalline domain sizes, and physical crosslinks sufficient 

to constrain the orientation of these crystal domains, both of which 

contribute to the reversible shape memory effect and the excellent 

reprocessability. 

• A simple strategy for fabricating thermoplastic reversible shape memory 

polymer through blending is considered and the multiple and reversible 

shape memory effect of commercial thermoplastic polyolefin elastomer 

blends are demonstrated. This strategy blended materials with various 

melting transitions to construct a broad and continuous melting transition 

for achieving the reversible shape memory effect. It can also be applied in 

reversible shape memory polymer production at low cost and at large 

scale. 

• A new reversible shape memory polymer structure with reconfigurable 

polymer network by introducing transesterification catalyst into crosslinked 

poly(ethylene-co-vinyl acetate) system is represented. The idea improved 

the reprocessability of crosslinked RSMP through simple modification of 

commodity polymers, which as a result provided a great opportunity for the 

development of commercial shape memory materials. 

• A new reversible shape memory polymer foam based on polyolefin 

material is designed and fabricated. The reversible shape memory effect 

of polyolefin elastomer blend foams in tension and bending mode is 
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demonstrated. This approach extended the material source of current 

reversable shape memory polymer. 

 

§ 7.2 Recommendations for the future work 

As summarized in Chapter 2, reversible shape memory polymers have 

attracted much attention due to their unique shape shifting behaviors and have 

potential applications in the areas of soft actuators, microrobotics, etc. In the past 

few years, this field has been the focus of new materials design, new structure 

design, and new trigger selections. Despite the significant progress, it has to be 

acknowledged that research on RSMP is still in its early stages, and that there 

are still many challenges and possibility in this field. The following perspectives 

are listed for some recommendations for future research of RSMP. 

• Designing and synthesizing RSMP materials with various working 

temperature range for different applications scenarios, e.g. outer 

space. 

• Designing and synthesizing new RSMP forms, such as foams, fibres, 

etc. 

• Designing and synthesizing RSMP materials that can response to 

other trigger such as light, electricity, magnetic field, etc. 
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• Designing and synthesizing functional RSMP materials or devices 

that can exhibit response other than shape changing, such as 

fluorescence emitting, conductivity change, etc. 

• Exploring the new mechanisms of reversible shape memory effect 

through both theoretical and experimental route. 


