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ABSTRACT 
 

Shape memory materials are able to change their shape upon application 

of an external stimulus such as temperature, humidity, light, electric or 

magnetic fields, etc. This chapter focuses on nanocomposites systems with 

shape memory response due to their high scientific and technological 

relevance.. In particular, three different nanocomposites based on ethylene 

copolymers are presented with different thermally-activated mechanisms 

such as Nucrel® and Surlyn® reinforced with Silica nanoparticles, blends 

of EVA/thermoplastic starch reinforced with natural bentonite and EVA 

reinforced with SNCs. All of these systems present shape memory ability, 

evidencing how the addition of well dispersed nanoparticles can affect the 

shape memory response of the neat matrix. 
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INTRODUCTION 
 

Smart materials have the capability to respond to an external stimulus. 

Between smart materials, there is a class of polymers known as shape memory 

polymers (SMPs), able to change their shape by fixing a temporary one upon 

the application of an external stimulus [1]. Moreover, shape memory materials 

have the ability to recover the original shape once the external stimulus is 

applied again.  

Shape memory process in polymers involves the retention of the 

deformation entropy as internal energy and its activation due to an external 

stimulus, which means the relaxation of the polymer chains and therefore, the 

recovery of the original shape [2]. To obtain this response, a particular polymer 

structure is needed and viscoelastic relaxation is necessary to create an elevated 

mobility to the macromolecular chains.  

Different are the external stimuli able to produce the shape change in the 

polymeric materials, such as temperature [3-7], humidity [8, 9], pH [10], light 

[11] and electric or magnetic field [12]. However, thermal stimulus is the most 

common one [13-15]. In general, the shape memory mechanism in the SMPs 

encompasses two main stages: the programming stage and the recovery stage 

as schematically shown in Figure 1. In the first stage, a temporary shape (shape 

B) is fixed by the application of an external stimulus. In the second stage, the 

original shape is recovered (shape A) after applying the same stimulus as can 

be seen in Figure 1 [16].  

 

 
Figure 1. Scheme of the shape memory process. 

 

Moreover, shape memory polymers are formed by two different phases: the 

reversible phase, also called  “switching phase”, which is able to fix the 

temporary shape and the “permanent phase”, responsible for recovering the 

original shape of the polymeric material (Figure 1). Both phases can be formed 

by chemical or physical domains, affecting the thermal response of the 

polymeric materials. The external stimulus, such as temperature, can fix the 

temporary shape and counteracts the elastic forces, which tend to return the 

material to its original shape [17]. This is the reason why a reversible thermal 
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transition to a specific temperature (Ttrans) is needed. In particular, permanent 

bonds are retained at temperatures higher than Ttrans, while reversible and 

permanent domains are both present at temperatures lower than Ttrans [18].  

The above-mentioned SMPs are the most common ones and they are 

usually referred as “one-way shape memory polymers”, with two active phases 

– i.e the switching and the permanent domains – with an external stimulus 

triggering the change from one shape to another, Figure 1.  

In general, shape memory properties are characterized by 

thermomechanical cycle experiments [19, 20]. Figure 2 shows a 3D 

representation of a thermo-mechanical shape memory cycle. 

 

 
Figure 2. Scheme of 3D thermo-mechanical shape memory cycle. 

 

The curve shows the process starting with a deformation of the sample at 

the switching temperature (Tsw). Afterwards, a quick cooling stage is done to 

temperature lower than Ttrans (fixing temperature, Tfix) maintaining the applied 

load until the temporary shape is fixed. After, unloading of the applied stress is 

followed by an increase of the temperature above Ttrans (Tsw) to activate the 

recovery of the permanent shape. 

When the polymer shows two temporary shapes and only one permanent 

shape, it is known as “triple” shape memory polymer [21]. These polymers need 

one programming stage, to program both temporary shapes, and two different 
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triggers to recover firstly the intermediate temporary shape and subsequently 

the original one, as schematically shown on Figure 3. 

 
Figure 3. Scheme of triple shape memory process. 

 

Therefore, depending on the chemical or physical structure of the switching 

domains, the melting temperature, Tm, or the glass transition temperature, Tg, 

will be considered as the Ttrans [22].  

In particular, in semicrystalline polymers, Tm is used as Ttrans. Polymers 

with chemical crosslinking, i.e., covalent or thermoreversible bonds [23] or 

physically crosslinked by means of segregated domains [24] or a mixture of 

both types forming copolymers [25] are representative of SMPs constructed 

around Tm. In general, in the copolymers the phase with higher Ttrans is the 

responsible for the preservation of the physical structure, maintaining the 

permanent shape. Meanwhile, the phase with the lower Ttrans is the responsible 

for the fixation of the temporary shape [26] as shown in the next paragraphs of 

this chapter. When SMPs are based on Tg, they are able to fix a temporary shape 

to a temperature below their Tg and to recover the permanent one above this 

temperature [18].  

It is important to note also that in the last years shape memory 

nanocomposites [27] have obtained a great interest from both academic and 

industrial sectors studying the incorporation of nanofillers such as carbon 

nanotube, layered silicates, titanium oxide, etc., into the polymer matrix [28]. 

The addition of nanoparticles, characterized by high surface area, and the 

obtention of favorable interactions between the matrix and the nanofillers, 

result in the improvement of numerous properties including thermal stability, 

flame retardancy, mechanical properties, gas barrier properties, and so on as 

compared with neat polymers [29]. 

Moreover, in recent years, nanowhiskers and nanocrystals prepared from 

natural polymers, such as cellulose and starch, have been applied to reinforce 

biodegradable or non-biodegradable polymeric matrix [13, 30-33].  In 
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particular, starch is an abundant biopolymer, which is totally biodegradable. 

Starch nanocrystals (SNCs) have been used as fillers in polymeric matrices such 

as natural rubber [34], poly-vinyl alcohol [35] and thermoplastic starch [36]. 

The physical properties of the resulting nanocomposites were improved by the 

incorporation of SNCs [37]. 

Copolymers of ethylene-vinyl acetate (EVA) are a class of widely used 

polymers, with a variety of industrial applications such as flexible packaging, 

membranes, cable and wire, hose and tube, photovoltaic encapsulants, footwear 

and biomedical applications [38-40]. Recent developments in the field of shape 

memory polymers have drawn increasing attention to EVA copolymers for 

potential non-structural applications (microfluidic devices, soft actuators etc.). 

However, most of the studies reported in literature of the shape memory 

behavior of EVA are about crosslinked EVA [41-43]. Nevertheless, Wu et al. 

reported the study of the shape recovery of a commercial EVA by studying its 

creep and the thermo-responsive shape memory effect presenting two potential 

application [44]. 

However, in many cases, EVA application is limited due to its low tensile 

strength, thermal stability, and high flammability [28, 45]. To overcome these 

deficiencies, commonly either the vinyl acetate (VA) content of EVA varies or 

suitable nanofillers are incorporated in the EVA matrix. Indeed, varying the VA 

content, many properties of EVA change while the polar groups of vinyl acetate 

could get involved with a strong interaction with nanofillers, making its 

dispersion homogeneous. In this regard, several investigations have been 

reported in literature, including the incorporation of graphite oxide [46], 

sepiolite [47], montmorillonite [39, 48], carbon nanotube [49], and so on. 

Poly(ethylene-co-methacrylic acid) copolymer, named Nucrel® and its 

sodium neutralized counterpart with the tradename of Surlyn® are 

manufactured by DupontTm Company. The self-healing properties of ionomeric 

resin under high speed impact, i.e. ballistic damage [50, 51], and even under 

hyper-velocity impacts (1-4 km/s) simulating space debris impacts [52] has 

been studied. 

This ionomer has ionic groups integrated by the carboxyl groups of the 

polymer that create strong interactions by coulombic potentials between the 

ionic charges, forming what it are called ionic clusters. These clusters are able 

to form reversible ionic networks [53] and the inter-chain interactions designed 

the permanent network. Due to the presence of two different phases in these 

polymers, it is possible to use them for designing shape memory polymers. 

 

In this chapter, different nanocomposites based on ethylene copolymers are 

presented with different mechanisms used to obtain the shape memory 

response.   
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In particular three different systems are studied based on Nucrel® and 

Surlyn® reinforced with Silica nanoparticles, blends of EVA/thermoplastic 

starch reinforced with natural bentonite and EVA reinforced with SNCs. 

 

Thermally-activated shape memory characterization 

Thermally-activated shape memory behaviour of our nanocomposites was 

studied through thermo-mechanical cycle experiments using an Instron 

Universal Testing Machine equipped with a temperature chamber. For each 

material, the right transition or switching temperature and the fixing 

temperature were found based on the thermal and dynamo-mechanical 

characterization.  

Therefore, with the aim to get a quantitative estimation of the shape 

memory properties of the materials, the strain fixity ratio (Rf) and the strain 

recovery ratio (Rr) have been calculated [20]. In particular, Rr, the ability to 

recover the initial shape, was taken as the ratio of the recovered strain to the 

total strain, as given by the following equation: 

 

𝑅𝑟(𝑁) =
(𝜀𝑚−𝜀𝑝(𝑁))

𝜀𝑚−𝜀𝑝(𝑁−1)
× 100 %    Equation (1)  

 

Rf, the ability to fix the temporary shape, is the amplitude ratio of the fixed 

strain to the total strain, as presented by the Equation 2: 

𝑅𝑓(𝑁) =
𝜀𝑢(𝑁)

𝜀𝑚
× 100 %    Equation (2) 

where, Ɛm is the deformed strain, Ɛu the fixed strain, Ɛp the recovered strain and 

N is the number of cycles. 
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Poly(ethylen-co-methacrylic acid) random copolymer and 

ionomers 
 

Commercial poly(ethylen-co-methacrylic acid) random copolymer 

(EMAA) named Nucrel® 960 (containing 15 wt % of methacrylic acid (MAA) 

comonomer) and its ionomer, Surlyn® 8940, with 30 % of the MAA 

comonomer neutralized by sodium (EMAA-Na), were kindly provided by 

DupontTm Company. Silicon Dioxide Nanopowder (SiO2) with a particle 

average size of 7-14 nm and specific surface higher than 200 m2/g was supplied 

by EMFUTUR. 

 

Shape memory properties of a commercial poly(ethylen-co-methacrylic 

acid) random copolymer named Nucrel® 960 and its ionomeric resin, Surlyn® 

8940, were studied. With the purpose of select the parameters for thermo-

mechanical cycles, dynamic thermo-mechanical analysis was performed in 

order to study the main chain relaxation of the materials. Tanδ curves are 

reported in Figure 4 for Nucrel® as well as Surlyn®. Both materials have 

similar elastic properties. Nucrel® showed three main relaxations in the range 

of temperature between -140 and 100 °C. In particular, around -70 ºC a 

relaxation was observed and it was ascribed to the local molecular motion of 

the amorphous segment of PE while at ~ 30 ºC the relaxation corresponding to 

the melting of the secondary crystals of PE was detected. Moreover, after ~ 70 

ºC the relaxation corresponding to the primary crystallites of PE was observed 

[54, 55]. For Surlyn®, the same relaxations were detected but the relaxation 

below 0 ºC were more evident and were ascribed not only to the molecular 

motion of the amorphous phase of PE but also to the ion-depleted in the 

amorphous region, although different explanation have been proposed in 

literature for this relaxation over the year [56]. The relaxation corresponding to 

the melting of the secondary crystals of PE was shifted to higher temperature 

for Surlyn® (~ 60 ºC) as well as that one of the primary crystals, starting from 

~ 85 ºC. In this case, three types of physical crosslinks are present due to the 

ionic domains, primary and secondary polyethylene crystallites. Above 100 ºC, 

where all the polyethylene crystals have melted, the Surlyn® is a physically 

crosslinked rubber with a supramolecular network formed by ionic interactions 

[57].  

Polyethylene crystals provide the temporary network, so the switching 

temperature for shape memory is determined by their melting temperature. In 

order to compare the shape memory properties of both Nucrel® and Surlyn® 

and their nanocomposites reinforced with 1 wt % of silica nanoparticles, a 

common switching temperature was taken, that is, at 60 ºC. Thus, the 

crystallites that melt below 60 °C (mainly the secondary crystallites) are used 

as the temporary network for generating shape memory effect. In particular, 

For Nucrel® the permanent shape is achieved through the largest and 



Valentina Sessini, David Brox, Antonio Julio López et al.  8 

strongest primary polyethylene crystals that create a physical network with 

the amorphous chains of the material. While for Surlyn®, the presence of the 

Na+ ions allows to obtain a more stable permanent network due to the 

presence of the ionomeric aggregates in addition to the physical network 

formed by the PE primary crystals.  

 

 
Figure 4. Damping factor (Tanδ) as a function of temperature for both Nucrel® 

and Surlyn®. 

 

Once the Tsw was selected, the mechanical response of our materials was 

studied at that temperature (60°C). A stress-strain test (Figure 5) was carried 

out to determine the maximum deformation that the material could withstand at 

the Tsw.  

 
Figure 5. Stress-strain curves performed at 60 °C for the neat materials and their 

respective nanocomposites. a) Nucrel® and b) Surlyn®. 

 

In Figure 5, it is possible to easy notice that Surlyn® showed different 

mechanical properties compared to Nucrel®. In fact, Surlyn® showed higher 

elastic modulus and higher maximum stress, while the elongation at break 

decreased for Surlyn® due to the Na+ neutralization of methacrylic acid groups. 

The presence of SiO2 improve the mechanical properties of both neat materials, 

Nucrel® and Surlyn®. Even if the elongation at break decreased due to the 
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ionomer structure as well as to the presence of SiO2 in both matrices, the 

maximum deformation at 60 ºC for the shape memory test was higher than 500 

% for all the materials. Thermally-activated shape memory properties were 

studied using an Instron Machine equipped with a temperature chamber. 

Samples for the thermo-mechanical cycles were cut from compression-molded 

films into rectangular specimens of approximately 20 mm x 5 mm x 0.50 mm. 

The samples were heated at the Tsw of 60 ºC for 5 min, followed by a strain-

controlled uniaxial stretching applied until a fixed percentage of deformation, 

i.e., 50 % and 100 %. They were then quenched at 0 ºC (Tfix) under the same 

constant stress, which after 10 minutes was released. A free-strain recovery was 

then performed at the selected Tsw. The 2D stress-strain and 3D thermo-

mechanical stress-strain-temperature cycle diagrams for neat Nucrel® and its 

nanocomposite counterpart are shown in Figure 6 and Figure 7 at 2 different 

deformation values, 50 % and 100%. In order to evaluate the repeatability of 

the shape-memory properties, four thermo-mechanical cycles were completed 

for each sample. 

 
Figure 6. Thermo-mechanical cycles for neat Nucrel®. 2D stress-strain cycles 

and 3D stress-strain-temperature cycle diagrams at 50 % (a-b) and 100 % (c-d) 

of deformation. 

 

All the samples shown a good ability to fix the deformed shape at the 

selected Tfix while the recovery process begun before reaching the selected Tsw, 
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as it was expected by observing Figure 4, where the peak related to the melting 

of PE secondary crystals is at around 25 °C. Moreover, it is possible to notice 

that increasing the number of cycles, the stress needed to reach the same value 

of elongation (50 % or 100 %) is higher than the stress applied during the first 

cycle. This is probably due to a reorganization of the polymeric structure after 

the first cycle.  

 
Figure 7. Thermo-mechanical cycles for Nucrel® nanocomposite reinforced 

with 1 wt % of SiO2. 2D stress-strain cycles and 3D stress-strain-temperature 

cycle diagrams at 50 % (a-b) and 100 % (c-d) of deformation. 

 

In Table 1, the results of thermo-mechanical cycles in terms of Rr and Rf 

are summarized for Nucrel® and its SiO2 reinforced nanocomposite. Between 

the samples based on Nucrel®, we can conclude that higher values of Rr were 

observed for a deformation of 50 % and in particular for the sample reinforced 

with 1 wt % of SiO2. In fact, for 100 % of deformation the Rr values were 

drastically dropped towards lower values compare with that obtained for 50 % 

of deformation. Furthermore, Rr values improved increasing the number of 

cycles. This is probably due to a progressive rearrangement of the polymeric 

structure cycle by cycle, until reaching a constant value. Whereas the Rf values 

are higher for the sample reinforced with silica nanoparticle for both applied 

deformations. The presence of silica nanoparticle increase the ability to fix the 

temporary shape, probably due to a decrease of the polymeric chain mobility. 
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Thermo-mechanical cycles were performed also for the samples based on 

Surlyn® following the same procedure than Nucrel®. 

 

Table 1. Values of Rr and Rf obtained by thermo-mechanical cycles at 50 % and 

100 % of deformation for Nucrel® and its SiO2 nanocomposite.  

Sample 
Ԑ (%) Rr (%) Rf (%) 

 1 2 3 4 1 2 3 4 

NU0SiO2 
50 81 74 96 97 97 97 95 97 

100 55 81 73 93 99 99 99 98 

NU1SiO2 
50 59 94 96 98 99 97 95 97 

100 73 59 74 81 99 99 99 99 

 

The 2D stress-strain and 3D thermo-mechanical stress-strain-temperature 

cycle diagrams for neat Surlyn® and its nanocomposite counterpart are shown 

in Figure 8 and Figure 9 at 2 different deformation values, 50 % and 100 %.  

 
Figure 8. Thermo-mechanical cycles for neat Surlyn®. 2D stress-strain cycles 

and 3D stress-strain-temperature cycle diagrams at 50 % (a-b) and 100 % (c-d) 

of deformation. 

As noted for Nucrel® based materials also the samples based on Surlyn® 

shown a good ability to fix the deformed shape at the selected Tfix. Compared 

with Nucrel®, Surlyn® based materials are more stable during the recovery, 
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maintaining the temporary shape longer but not until the selected Tsw, as was 

expected observing Figure 4, where the peak related to the melting of PE 

secondary crystals is at around 60 °C. Moreover, it is possible to notice that 

increasing the number of cycles, the stress needed to reach the same value of 

elongation is higher than the stress applied during the first cycle when 100 % 

of elongation was applied. On the contrary, when 50 % of elongation was 

applied, the value of applied stress was almost constant during the different 

cycles. This is probably due to the strongest physical network formed by 

ionomeric interaction in Surlyn® 

. 

 
Figure 9. Thermo-mechanical cycles for Surlyn® nanocomposite reinforced 

with 1 wt % of SiO2. 2D stress-strain cycles and 3D stress-strain-temperature 

cycle diagrams at 50 % (a-b) and 100 % (c-d) of deformation. 

  

In Table 2, the results of thermo-mechanical cycles in terms of Rr and Rf 

are summarized for Surlyn® and its SiO2 reinforced nanocomposite.  

 

Table 2. Values of Rr and Rf obtained by thermo-mechanical cycles at 50 % and 

100 % of deformation for Surlyn® and its respective nanocomposite. 

Sample 
Ԑ (%) Rr (%) Rf (%) 

 1 2 3 4 1 2 3 4 
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SU0SiO2 
50 81 85 96 95 97 96 97 96 

100 76 95 86 88 98 97 98 97 

SU1SiO2 
50 86 93 93 94 96 96 98 96 

100 70 79 78 72 98 98 98 92 

 

As observed for Nucrel®, higher values of Rr were observed for 50 % of 

deformation also for the samples based on Surlyn®, in particular for the sample 

reinforced with 1 wt % of SiO2. Compared with Nucrel®, the decrease of the 

Rr values when 100 % of deformation is applied, was less evident due to the 

higher mechanical properties of Surlyn® thanks to the ionomeric network. 

However, Rr values improved after increasing the number of cycles. Moreover, 

the Rf values are pretty much the same for neat sample as well as for the sample 

reinforced with silica nanoparticle.  

 

Poly(ethylene-co- vinyl acetate) random 

copolymer/thermoplastic starch blends and nanocomposites. 
 

Native pea starch was used as received to obtain thermoplastic starch 

(TPS). Commercial EVA copolymer with 19 wt % VA content was purchased 

from Exxon Mobil Chemical Company. Glycerol (purity 97 %) was used as 

starch plasticizer and commercial natural bentonite, Cloisite-Na+ (CLNa+), with 

a typical dimension, ranging from 2 to 13 μm was used as nanofillers.  

 

In our previous work [40], the thermally-activated shape memory effect of 

neat ethylene-vinyl acetate copolymer and its blends with thermoplastic starch 

has been studied by using the stretch-induced crystallization mechanism to 

program the temporary shape. In particular, two different blends with different 

TPS content, i.e., 40 and 50 wt %, have been tested and compared with neat 

EVA, as well as EVA/TPS blends based nanocomposites reinforced with 1 wt 

% of natural bentonite, (CLNa+). Indeed was demonstrated that a new poorly 

organized crystalline structure (A phase), induced by stretching the sample until 

250 % of elongation, was used as switching phase of EVA. Therefore, the 

melting temperature of the crystalline phase A was considered the switching 

temperature of our system. The presence of the two different crystal phases in 

EVA was first confirmed by DSC analysis using the same programming 

condition used for the shape memory activation, i.e., after stretching 250 % of 

elongation at 40 ºC. The DSC thermograms related to the first heating scan of 

non-stretched and stretched samples, blends and their nanocomposites are 

showed in Figure 10. 
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Figure 10. First cycle DSC thermograms for non-stretched and stretched blends 

and their nanocomposites: a) B40TPS, b) B40TPS + 1 % CLNa+, c) B50TPS 

and d) B50TPS + 1 % CLNa+. 

 

It easy to note that, as for pure EVA [40], while both non-stretched blends 

and nanocomposites present only B-phase crystals, a new crystalline phase with 

a Tm of about 50 °C is presented after stretching the EVA-based samples. Thus, 

the desired two different crystal phases A and B were obtained in these EVA-

based materials. Therefore, the new induced crystal phase A is the phase 

responsible for fixing the temporary shape of our system while amorphous 

EVA, thermoplastic starch and B crystal phase network was that responsible 

for memorize the original shape, as reported in our previous work [40]. When 

the heating is applied, the crystalline phase A melts and the system recovers its 

permanent shape.  

The thermally-activated shape memory properties of neat EVA, the blends and 

their nanocomposites were characterized by Instron Machine. In brief, the 

parameter employed were 40 ºC as stretching temperature (Ts), 250 % of 

elongation, Tfix = 10º C and 60 ºC as Tsw. 3D thermo-mechanical stress-strain-

temperature cycles and the 2D stress-strain diagram were determined for all the 

samples studied (Figure 11). In order to evaluate the repeatability of the shape-
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memory properties, five different thermo-mechanical cycles were performed 

for each sample. 
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Figure 11. 3D thermo-mechanical stress-strain-temperature cycle and the 2D 

stress-strain diagram for (a) Neat EVA, (b) B40TPS, (c) B40TPS + 1 % CLNa+, 

(d) B50TPS, (e) B50TPS + 1 % CLNa+. Reprinted with permission from 

(Sessini V, Raquez J-M, Lo Re G, et al. Multiresponsive Shape Memory Blends 

and Nanocomposites Based on Starch. ACS applied materials & interfaces. 

2016 2016/08/03;8(30):19197-19201) [40]. Copyright 2016 American 

Chemical Society. 

 

The values obtained in every cycle for both the Rr and the Rf are 

summarized in Table 3. The results show that the presence of TPS did not affect 

the induced thermo-responsive mechanism of EVA.  

The values reflect that the ability to recover the initial shape is excellent, 

showing Rr values higher than 90 %. Moreover, the very high EVA ability to 

fix the temporary shape during the first cycle slightly decreases during the 

following thermo-mechanical cycles from 99 % to 85 %. When the TPS is 

added, the Rf values are maintained quite constant during all the thermo-

mechanical cycles at about 88 %. Moreover, the addition of the nanoclays did 

not affect the optimum results for Rr and Rf values presented by the neat blends 

in the heating responsiveness of these blends. Besides, also the samples 

containing 50 % of TPS reached high values in the latest cycles demonstrating 
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that also with the highest TPS content the shape memory properties of EVA 

are extraordinary. 

 

Table 3. Values of Rr and Rf for the thermally-activated shape memory test for 

all the samples studied. Adapted with permission from (Sessini V, Raquez J-M, 

Lo Re G, et al. Multiresponsive Shape Memory Blends and Nanocomposites 

Based on Starch. ACS applied materials & interfaces. 2016 

2016/08/03;8(30):19197-19201) [40]. Copyright 2016 American Chemical 

Society. 

Sample Rr (%) Rf (%) 
 

Cycle 1 2 3 4 1 2 3 4 

EVA 94 97 97 100 99 86 89 85 

B40TPS 100 100 99 100 89 87 89 87 

B40TPS + 1 % CLNa+ 98 96 97 100 91 91 88 88 

B50TPS 82 99 98 100 92 89 87 90 

B50TPS + 1 % CLNa+ 81 90 100 100 93 91 89 87 

 

The analysis of the strain energy involved in the shape memory 

experiments was carried out for all the samples following the same procedure 

reported previously [58]. In fact, the strain energy of an ideal shape memory 

polymer was estimated taking into account that the Ɛu overlaps with Ɛm in the 

stress-strain curves, and that an ideal material is able to recover all the applied 

deformation. Thus, based on this hypothesis, we were able to calculate the ideal 

as well as the real strain energy of the samples. In Figure 12, the values of the 

strain energy and strain recovery ratio obtained during the different cycles are 

showed for all the samples. 

 

 
Figure 12. Strain energy for the different materials based on EVA/TPS blends. 
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The un-filled symbols in Figure 12 correspond to the real values and the 

filled ones to the ideal values. It is possible to note as the different symbols 

(filled and un-filled) are overlapped, thus in Table 4 the energy efficiency 

values are reported, as the ratio between the real and the ideal strain energies. 

 

Table 4. The values obtained for the energy efficiency for all the samples. 

Sample Energy Efficiency  

1 2 3 4 

EVA 99.2 99.7 99.7 100.0 

B40TPS 100.0 100.0 99.9 100.0 

B40TPS + 1 % CLNa+ 99.9 99.7 99.8 100.0 

B50TPS 92.4 99.9 99.9 100.0 

B50TPS + 1 % CLNa+ 93.5 97.1 100.0 100.0 

 

For all the samples the energy efficiency is very high after obtaining the 

better results for the sample B40TPS, showing values of 100 % also in the first 

cycle. Thus, the blends and their nanocomposites present behaviour almost 

ideal being capable to recover nearly all the deformation applied.  

 

Poly(ethylene-co-vinyl acetate) random copolymer/starch 

nanocrystals nanocomposites. 

 

Starch nanocrystals were synthesized by acid hydrolysis applying 100 rpm 

of mechanical stirring at 40 ºC, using a silicon oil bath, for 5 days. The final 

suspensions were washed by successive centrifugations in distilled until 

reaching neutral pH. Finally, it was freeze-dried to obtain SNCs powder. 

Following the same mechanism and the same procedure used for EVA-

based materials previously described, thermally-activated shape memory 

properties were studied for EVA reinforced with 2 wt % and 5 wt % of SNCs.  

In order to study the effect of starch nanocrystals on the induced-

crystallization mechanism of EVA, DSC analyses were performed at the same 

conditions of shape memory test. The DSC thermogram related to the first 

heating scan of non-stretched and stretched neat EVA and its nanocomposites 

are reported in Figure 13. Surprisingly, increasing the amount of SNCs on EVA 

matrix, the stretch-induced crystallization of the A crystal phase was inhibited. 

The thermograms showed as the melting enthalpy of the crystalline phase A 

peak decreased for stretched EVA-2SNC compared to that of stretched neat 

EVA and much more for stretched EVA-5SNC. Indeed, for EVA-5SNC the 

crystal phase A was almost absent although the sample was stretched at 250 % 

of elongation. Moreover, an increase of the melting enthalpy of crystalline 

phase B was observed in the nanocomposites.  
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Figure 13. DSC thermogram of first scan of non-stretched and stretched neat 

EVA and its nanocomposites: a) Neat EVA, b) EVA-2SNC and c) EVA-5SNC. 

Adapted with permission from (Sessini V, Raquez J-M, Lo Re G, et al. 

Multiresponsive Shape Memory Blends and Nanocomposites Based on Starch. 

ACS applied materials & interfaces. 2016 2016/08/03;8(30):19197-19201) 

[40]. Copyright 2016 American Chemical Society. 

 

This behaviour and the induced-crystallization of the crystalline phase B rather 

than the crystalline phase A was reflected in the shape memory results. The 2D 

stress-strain and 3D thermo-mechanical stress-strain-temperature cycle 

diagram are shown in Figure 14. In order to evaluate the repeatability of the 

shape-memory properties, different thermo-mechanical cycles were completed 
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for each sample. It was not possible to do more than 3 cycles because the 

EVA/SNC nanocomposites were broken.  

 

 

 
Figure 14. 2D stress-strain and 3D thermo-mechanical stress-strain-temperature 

cycle diagram for: a) EVA-2SNC and b) EVA-5SNC. 

 

Observing Figure 14, it is easy to notice that after the cycle 0 (named 0 because 

is used to delete the thermal history of the materials and in general is not 

reported) the value of stress strongly increases. This is due to the progressive 

increase of the B crystal phase, which is able to fix more toughly the permanent 

network formed by amorphous EVA, SNCs and B crystal phase. The values 

obtained in every cycle for both the Rr and the Rf are summarized in Table 5. 

The results showed that the presence of SNCs affected the thermo-

responsiveness of EVA based on induced-crystallization mechanism.  

 

 

 

 

Table 5. Values of Rr and Rf for the thermally-activated shape memory test of 

the samples studied. 
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Sample 
Rr (%) Rf (%) 

0 1 2 0 1 2 

EVA 96 94 97 90 99 96 

EVA-2SNC 73 77 77 92 94 96 

EVA-5SNC 64 70 - 94 95 - 

 

The values reflected that the ability to recover the initial shape decrease when 

the amount of SNCs increase into the EVA matrix, showing Rr values of 20 % 

less for EVA-2SNC and almost 30 % less for EVA-5SNC compared to neat 

EVA. Contrarily, the high EVA ability to fix the temporary shape did not 

undergo any significant change though the amount of SNCs increased into the 

EVA matrix.  

 

FINAL REMARKS 
 

In brief, shape memory polymers are a special class of smart materials capable 

to memorize and to recover, triggered by an external stimulus, their original 

shape from a temporary shape programmed by mechanical deformation. 

This chapter focuses the attention on polymeric nanocomposite systems with 

shape memory response due to their scientific and technological relevance.  

In particular three different systems were studied based on ethylene copolymers 

such as Nucrel® and Surlyn® reinforced with Silica nanoparticles, blends of 

EVA/thermoplastic starch reinforced with natural bentonite and EVA 

reinforced with SNCs. All of these systems present shape memory ability, 

evidencing how the addition of well dispersed nanoparticles can affect the 

shape memory response of the neat matrices. 
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