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A B S T R A C T   

Shape-memory polymers (SMPs) are smart materials that can alter their configuration in response to external 
stimuli. They have shown promise in a number of application areas, including soft robotics or biomedical de-
vices. Frequently, however, the materials needed are expensive, or labor-intensive synthetic processes are 
involved. In this contribution, we report a versatile and cost-effective manufacturing method for SMPs based on 
binary elastomer-thermoplastic-blends. These were produced from ethylene-propylene-diene monomer rubber 
(EPDM) combined with ultra-low-density polyethylene (ULDPE), propylene-ethylene copolymer (PP-c-PE), or 
high-density polyethylene (HDPE) as thermoplastic components. Atomic force microscopy revealed an immis-
cible two-phase morphology. Results of dynamic-mechanical thermal analysis showed that all polymer blends 
with a high thermoplastic load had efficient thermo-responsive dual-shape-memory, also demonstrated on 
macroscopic specimens. Furthermore, multi-shape-memory of elastomer/thermoplastic (40/60)-blends was 
investigated. Especially ULDPE-containing blends exhibited particularly promising multi-shape-memory features 
and stepless, controllable temperature response. Mechanistically, this is based upon the synergistic interaction of 
the cross-linked elastomer and the thermoplastic switching phase, consisting of different crystalline segments 
melting over a wide range from 60 to 125 ◦C. The continuous shape recovery over a broad temperature range 
could be used to create reusable test strips, e.g., for indicating exposure temperature in transportation chains or 
overheating protection.   

1. Introduction 

Shape-memory polymers (SMPs) are a category of smart materials 
with the ability to recover from one or multiple temporary shape de-
formations into a permanent configuration upon exposure to external 
stimuli [1–3]. This phenomenon is referred to as shape-memory effect 
(SME). Electricity, magnetism, irradiation, solvents, chemical reactions, 
and especially temperature are examples of triggers that are either 
specifically targeted or result from environmental changes, opening up 
potential applications in various fields [4–15]. Thermo-responsive ma-
terials have received the most attention among SMPs. Highly efficient 
dual-shape-memory behavior can be realized through the synthesis of 

novel segmented polymers, composites, supramolecular networks, or 
polymer blends [5,16–20]. More recently, multi-shape-memory poly-
mers (MSMPs) that can fix two or more temporary shapes have piqued 
the interest of researchers [21–25]. 

The underlying shape fixation and recovery mechanism relies on the 
interaction of a fixed phase with reversible switching domains. The 
permanent shape is determined by chemical or physical cross-links in 
the fixed phase, whereas the thermal transitions of the switching do-
mains (melting or glass transition) ensure dual- or multi-shape-memory 
behavior by locking the temporary shapes [26–28]. This is usually 
achieved by applying a defined mechanical deformation above the 
transition temperature (Ttrans) and subsequent quenching below Ttrans 
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under the applied load. The solidification of the switching domains 
along the oriented network of the permanent phase allows for the fix-
ation of the deformed shape during this process [17,27–29]. The energy 
input from the applied load is simultaneously stored by the elastic 
component’s reconfiguration. The fixing integrity of the switching do-
mains is lost when this process is reversed by reheating above Ttrans. 
Thus, the original shape is recovered using the retractive force [17,27, 
30]. It should be noted that even if the initial shape is quantitatively 
recovered, all other macroscopic physical and thermal properties might 
not be fully restored. This is attributed to the occurrence of irreversible 
microstructural changes in the material and is frequently subordinated 
to the shape-memory efficiency or ignored depending on the operation 
purpose. 

For a long time, the majority of investigated SMPs were prepared 
through chemical synthesis and modifications to create integrated sys-
tems that combine fixing and switching segments in a single polymer or 
network. These include, e.g., chemically linked polymer networks, side 
chain design, but also the preparation of segmented block-copolymers 
[31–33]. While these routes are often resource- and labor-intensive, 
the blending of readily available materials can be a cost-efficient and 
convenient alternative for the fabrication of dual- and multi-SMPs 
exhibiting thermo-responsive shape-memory behavior. Consequently, 
interest in various types of miscible and immiscible polymer blends has 
increased recently [17,34,35]. Gao et al. [36] described efficient 
multi-shape-memory blends of various polyolefin elastomers (POE) that 
exploit physical cross-links to recover their permanent shape. Similarly, 
Tekay et al. [37] achieved efficient SME by manufacturing poly (ethyl-
ene-co-1-octene) and poly (styrene-b-isoprene-b-styrene) 
thermoplastic-elastomer-blends. Zhang et al. [38] recently reported the 
preparation of triple-shape-memory ternary blends using POEs, poly 
(caprolactone) (PCL), and lauric acid (LA), whereas others used sec-
ondary interactions to create tunable shape-memory in ternary mixtures 
consisting of thermoplastic polyurethane (TPU), polylactic acid (PLA), 
and poly (propylene carbonate) (PPC) [39]. There have been fewer 
recent studies dealing with SMPs based on chemically cross-linked 
blends and networks. In some instances, rubber-thermoplastic-blends 
were prepared as TPVs (thermoplastic vulcanizates): Chen et al. re-
ported thermally triggered SMPs based on binary blends of PLA and ENR 
(epoxidized natural rubber), exhibiting a sea-island structure, produced 
via peroxide cross-linking [40]. Similarly, dynamically vulcanized and 
compatibilized EPDM-PP-blends with shape-memory behavior were 
studied by Xu et al. [41] Further rubber-thermoplastic-SMP-blends, i.e., 
based on EPDM or natural rubber in combination with different ther-
moplastics, were reported by the groups of Chatterjee and comprehen-
sively reviewed by others [42,43]. As an example, EPDM and 
ethylene-octene-copolymer (EOC)-blends were used by Chatterjee 
et al. for dual-shape-memory materials. Dual- and triple-shape-memory 
was also demonstrated for cross-linked polyethylene blends and 
polyisoprene-paraffin mixtures [44,45]. Quadruple-shape-memory of 
3D-printable ternary-blends was demonstrated by Chen et al. [46] Re-
ports of MSMP based on elastomer-thermoplastic-blends that exhibit 
more than triple- or quadruple-shape-memory are rare. 

It should be mentioned, that cross-linked semi-crystalline EPDM 
exhibits a certain shape-memory effect, as discussed in two recent 
studies by Wang et al. [47,48] Recently, Min et al. and Li and coworkers 
also demonstrated that the pure thermoplastics, i.e., semi-crystalline 
ultra-high molecular weight PE (UHMWPE) showed continuous 
shape-memory behavior in a temperature window between 90 ◦C and 
138 ◦C, which was assigned to a rather broad range of the melting 
transition [49,50]. 

The aim of this contribution is to describe a versatile method for the 
production of SMPs based on elastomer-thermoplastic-blends by 
combining EPDM with either ultra-low-density polyethylene (ULDPE), 
which is an ethylene-1-hexene copolymer, propylene-ethylene copol-
ymer (PP-c-PE), or high-density polyethylene (HDPE), respectively. The 
developed materials exhibit interesting mechanical properties as well as 

excellent thermally-triggered dual- and triple-shape-memory features. 
The broad thermal transition of ULDPE allows the realization of even a 
multi-shape material with respectable shape-fixity and recovery values 
for phase-separated EPDM/ULDPE (40/60)-blends. The temperature- 
triggered shape recovery that proceeds well-controlled across a broad 
transition range could be applied to create reusable test strips for 
exposure temperature indication e.g., applicable for transportation 
chains or overheating protection. 

2. Experimental section 

2.1. Materials 

Semi-crystalline EPDM Nordel™ IP 4760 (ethylene content of 
65.5–69.5 wt%, ENB (ethylidene norbornene) content of 4.5–5.3 wt%), 
propylene-ethylene copolymer (PP-c-PE, VERSIFY™ 2300) and ultra- 
low-density poly (ethylene-hexene) copolymer (ULDPE Attane™ 4607 
GC) were all from Dow Chemical Company (USA). High-density poly-
ethylene (HDPE Borsafe HE3490) was purchased from Borealis 
(Austria). Zink oxide (ZnO) and stearic acid (SA) were used as vulcani-
zation activators; ground sulfur (S8), accelerators N-cyclohexyl-2-ben-
zothiazole sulfenamide (CBS), tetramethylthiuram disulfide (TMTD) 
and diphenyl guanidine (DPG) were used as cross-linking agents. 
Chemicals were provided in technical grades by Semperit Technische 
Produkte GmbH (Austria). All materials were processed without further 
modification or purification. 

2.2. Sample preparation 

EPDM/thermoplastic-blends were prepared by a three-step process, 
including the blending of the raw materials, the addition of curatives, 
and hot-press vulcanization. Initial mastication and melt-blending of the 
corresponding raw materials in different ratios was realized using a 
Plasti-Corder internal mixer (Brabender, Germany). Elastomer/ 
thermoplastic-blends with mixing ratios of 70/30, 50/50 and 40/60 
(wt/wt) were investigated, where the thermoplastic is either ULDPE, PP- 
c-PE or HDPE. Mixing was carried out at a temperature of 140 ◦C for 5 
min at a rotor speed of 75 rpm. Activating compounds (6.2 phr ZnO and 
1.3 phr stearic acid) were directly added to the mixture in the 
compounder, resulting in batch sizes of approximately 60 g. Cross- 
linkers and accelerators for sulfur-based vulcanization were mixed 
into the batches on a two-roll mill (Servitec, Germany) at room tem-
perature: 0.7 phr ground sulfur and the accelerator system (CBS, TMTD, 
DPG) with a total of 4 phr. Quantities given in phr (parts per hundred 
parts rubber) are with respect to the amount of EPDM used in the 
respective batch. The samples investigated in this work, as well as the 
corresponding formulations, are listed in Table 1. Denotation E/T de-
scribes the EPDM/thermoplastic ratio in wt/wt. After storage overnight, 
the vulcanization characteristics were determined using a Rheoline 
Multifunction moving-die rheometer (Prescott Instruments, UK). All 
tests were carried out at 190 ◦C (constant frequency = 1.67 Hz, 

Table 1 
Formulations of EPDM/thermoplastic-blends, where E/T indicates the ratio 
EPDM/thermoplastic. Quantities are given in parts per hundred parts rubber 
(phr) with respect to the amount of EPDM in the batch.  

Component Sample 

E (100) E/T (70/30) E/T (50/50) E/T (40/60) 

EPDM [phr] 100 100 100 100 
Thermoplastica [phr]  43 100 150 
ZnO [phr] 6.2 6.2 6.2 6.2 
Stearic acid [phr] 1.3 1.3 1.3 1.3 
Sulfur [phr] 0.7 0.7 0.7 0.7 
Accelerator system [phr] 4.0 4.0 4.0 4.0  

a Thermoplastic = ULDPE, PP-c-PE or HDPE. 
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oscillation angle = 0.50◦). Data of rheological measurements are shown 
in the supplementary information (Fig. S1). Subsequently, vulcanization 
was performed by hot-press molding at 190 ◦C for 10 min, utilizing a 
Collin P 200 PV electrical press (Collin, Germany). Sample sheets with a 
thickness of ca. 1.5–2 mm were prepared. 

2.3. Characterization 

2.3.1. Mechanical testing 
An Autograph AGS-X 5 universal tensile tester (Shimadzu, Japan) 

was used to determine the physico-mechanical properties, primarily 
tensile strength and ultimate elongation, of the blends at room tem-
perature. Uniaxial tensile tests were performed at a strain rate of 500 
mm min− 1 (no pre-load) on shouldered test bars (total length = 100 mm, 
clamping length = 75 mm, width = 3 mm). Specimen thickness was 
determined using a Digimatic Micrometer (Mitutoyo, Japan). 

2.3.2. Differential scanning calorimetry 
Differential scanning calorimetry (DSC) measurements were per-

formed in the thermal range of − 60 to 160 ◦C on a DSC 214 Polyma 
(Netzsch, Germany) and a double furnace DSC 8500 (PerkinElmer, 
USA). Melting transitions were determined from heating cycles at a rate 
of 10 K min− 1 and crystallinity values were calculated from cooling 
cycles at a rate of 10 K min− 1 under nitrogen atmosphere. Melting and 
glass transition temperatures were defined by peak point and inflection 
point values from heat flow curves, respectively. 

2.3.3. Atomic force microscopy 
Atomic force microscopy (AFM) was conducted to study 

morphology, micro-structural phase separation and qualitative me-
chanical aspects. Samples for AFM (EPDM/ULDPE-blends) were pre-
pared without activating agents (ZnO, stearic acid), otherwise 
analogously. Cross-linked EPDM/ULDPE in distinct ratio variations of 
75/25, 40/60 and 25/75 (wt/wt) were examined. Cross-sectional sam-
ples were prepared by ultramicrotomy at cryogenic temperatures of 
− 150 ◦C with cooling/heating times from/to room temperature of at 
least 90 min. All samples were immediately subjected to AFM mea-
surement in tapping mode, using a FastScanBio platform (Bruker Nano, 
USA) with nominal cantilever spring constants around 26 N m− 1 in soft 
repulsive conditions. To ensure reliability, at least three different re-
gions were characterized and analyzed. Post-processing was minimized 
to 1st order flattening, followed by statistical analyses using the Nano-
Scope Analysis software package (V1.8, Bruker Nano, USA). 

2.3.4. Dynamic-mechanical thermal analysis 
Thermomechanical behavior and shape-memory properties were 

investigated via DMTA (dynamic-mechanical thermal analysis) on a 
DMA Q800 (TA Instruments, USA) equipped with tension clamps. 
Specimens had rectangular geometry (length/width/thickness approx. 
25 mm/5.3 mm/1.5 mm, clamping length approx. 10 mm). Program-
ming of the DMTA was adjusted to the corresponding materials and 
characteristics of interest; control parameters were chosen accordingly. 
The specific procedures are described below. 

2.3.4.1. Procedure for dual-shape-memory cycles. The following 
sequence was used to investigate the thermally-triggered dual-shape- 
memory behavior of the EPDM/thermoplastic-blends: 1) Application of 
a minimal force Fmin of 1 mN, which was generally used in all “unloa-
ded” steps of the sequence. This force turned out to be too small to in-
fluence the strain behavior of the investigated blends significantly, but 
improved data quality (e.g., reduced noise). 2) Thermal equilibration at 
Tlow = 20 ◦C. 3) Heating of the specimen to the transition temperature 
Ttrans = 140 ◦C. 4) Increase of the strain to εload = 50%. 5) Cooling of the 
sample under load to Tlow = 20 ◦C for shape-fixation. 6) Unloading of the 
sample (Fmin = 1 mN) for determination of the fixed strain (εfix). 7) 

Shape recovery by reheating the specimen to Ttrans for determination of 
recovered strain (εrec). Heating/cooling rates were generally 10 ◦C 
min− 1. Additionally, for thermal and creep/recovery equilibration, 
isothermal delays of 15 min were implemented after steps 2, 3, 6, and 7, 
respectively, and 30 min after steps 4 and 5. Steps 4 to 7 were repeated 
three times. 

Shape-fixity ratios (Rf) and shape-recovery ratios (Rr) were calcu-
lated with data from the third shape-memory cycle (N = 3) according to 
Equations (1) and (2), respectively, where εload(N), εfix(N), and εrec(N) 
are the strains of the sample in cycle N. εrec(N-1) is the strain at the end 
of the preceding cycle (=the initial strain of cycle N). 

Rf (N)=
εfix(N)

εload(N)
∗ 100% (1)  

Rr(N)=
εload(N) − εrec(N)

εload(N) − εrec(N − 1)
∗ 100% (2)  

2.3.4.2. Procedure for slow thermo-responsive shape recovery with incre-
mental temperature increase. The following sequence was used for the 
investigation of all 40/60-blends: 1) Application of a minimal force Fmin 
of 1 mN. 2) Thermal equilibration at Tlow = 20 ◦C. 3) Heating to Ttrans =

140 ◦C at a rate of 10 ◦C min− 1, followed by 15 min isothermal. 4) In-
crease of the strain to εload = 50%. 5) Cooling (rate 10 ◦C min− 1) of the 
sample under load to Tlow = 20 ◦C for shape fixation. 6) Unloading of the 
sample (Fmin = 1 mN) for determination of the fixed strain (εfix). 7) 
Shape recovery by stepwise increase in the temperature to 140 ◦C in 
increments of 2.5 ◦C, with 20 min isothermal for equilibration after each 
increment. Additionally, isothermal delays of 30 min were implemented 
after steps 4), 5), and 6), respectively. 

2.3.4.3. Procedures for the investigation of multi-shape-memory behavior 
2.3.4.3.1. Detailed investigation of EPDM/ULDPE (40/60). The pro-

cedure consisted of the following steps (heating/cooling rates were 
generally 10 ◦C min− 1, isothermal steps are abbreviated with x-iso, with 
x being the time in min): 1) Application of a minimal force Fmin of 1 mN. 
That force was again used for all “unloaded” steps. 2) Thermal equili-
bration at Tlow = 20 ◦C. 3) Heating to Ttrans = 140 ◦C. 4) 5 times the 
sequence: 15-iso, application of stressn, 30-iso, cooling to Tn, 30-iso, 
unloading of the sample. Within this loop, the following five pairs of 
stressn/Tn (N mm− 2/◦C) were applied: n = 1: 0.04/120, n = 2: 0.085/ 
100, n = 3: 0.175/80, n = 4: 0.35/60, n = 5: 0.70/20.5) 15-iso. 6) 
Stepwise heating of the sample to 60, 80, 100, 120, and 140 ◦C, 
respectively. Each increase in temperature was followed by 30-iso. A 
second shape-memory cycle was started, going back to loading of the 
sample with 0.04 N mm− 2 at 140 ◦C. Deformation, fixation and recovery 
temperatures were selected between 60 and 120 ◦C in order to cover the 
full range of the material’s broad thermal transition. 

2.3.4.3.2. Comparative study of the 40/60-blends of EPDM with PP-c- 
PE, ULDPE, and HDPE. The sequence described above was used without 
intermediate unloading of the sample during stepwise cooling/shape 
programming. In the case of EPDM/PP-c-PE (40/60) the following 
values were applied for stressn (N mm− 2): n = 1: 0.04, n = 2: 0.06, n = 3: 
0.08, n = 4: 0.10, n = 5: 0.12. For EPDM/HDPE (40/60), stressn (N 
mm− 2): n = 1: 0.04, n = 2: 0.375, n = 3: 0.75, n = 4: 1.125, n = 5: 1.50. 
All temperatures remained unchanged. 

2.3.5. Shape-memory experiments on macroscopic samples 
For demonstration purposes, the shape-memory or shape-morphing 

behavior was investigated qualitatively with a series of macroscopic 
samples with different geometries, preferably rectangular strips with a 
thickness of up to 2 mm. Samples were programmed into different, 
arbitrary geometries above the corresponding transition temperature(s) 
(Ttrans). For dual-shape experiments, the deformation was performed at 
Ttrans = 140 ◦C, and for triple-shape-memory at Ttrans,1 = 140 ◦C and 
Ttrans,2 = 60 ◦C. Temperatures were chosen according to the thermal 
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properties: at 140 ◦C (first deformation step), the thermoplastic 
component was typically fully melted, and at 60 ◦C, the crystalline 
segments of the EPDM were melted (allowing for the second shape fix-
ation). The process is shown schematically in Fig. 4E. Programming and 
recovery steps were carried out in a heating cabinet or heated silicone oil 
bath, respectively. 

2.3.6. Application of elastomer-thermoplastic-blends as temperature 
probing materials 

The apparently stepless thermal shape-morphing features of the 
investigated blends, especially EPDM/ULDPE (40/60), open the possi-
bility for application as temperature-probing materials, which can 
indicate a maximum exposure temperature by strain recovery to a 
defined and reproducible length. Sample strips of EPDM/ULDPE 
(length/width/thickness ca. 100 mm/10 mm/1.5 mm) were cut from 
vulcanized sheets and a defined length L0 = 80 mm was marked on the 
samples. First, the samples were subjected to an initial shape-memory- 
cycle (140 ◦C, 50% strain) to erase the thermal history, and subse-
quently, the initial shape for the temperature-probing experiments was 
prepared by heating the strips to 140 ◦C and fixing a temporary defor-
mation of 120 mm (50% strain). These were then exposed to different 
temperatures between 60 ◦C and 140 ◦C, either by incremental tem-
perature increase (10 ◦C-steps) or by directly heating to certain target 
temperatures, while measuring the recovered strain after the treatment. 

3. Results and discussion 

3.1. Blend preparation and mechanical properties 

The beneficial effect of blending elastomers with thermoplastic ma-
terials, i.e., polyolefins, on general mechanical performance, as well as 
their blend morphology, has been thoroughly investigated and estab-
lished [51–58]. Fig. 1A depicts the three-step manufacturing route, used 
to prepare the binary EPDM-thermoplastic-blends. Initial melt-mixing 
resulted in macroscopically homogenous, miscible batches, to which 

curatives were later added on a two-roll mill at room temperature. 
Finally, the cross-linking of the EPDM phase was initiated during the 
static vulcanization process, using an electrical hot-press. At the mo-
lecular level, sulfide cross-links between the EPDM chains, more pre-
cisely between the unsaturated bonds of the norbornene units, are 
generated. Thus, an elastomeric phase was formed, embedding the 
thermoplastic component, resulting in a binary, yet macroscopically 
compatible and stable blend. The interconnected fixed elastomer 
network is crucial for the elastic behavior and effectively driving the 
shape recovery process. The influence of the blending ratio of the pro-
duced EPDM/ULDPE-, EPDM/PP-c-PE- and EPDM/HDPE-systems on the 
mechanical properties while maintaining a consistent cross-linking 
formulation was investigated by standardized uniaxial tensile testing. 
Figs. 1C to D show representative stress-strain-curves for 
EPDM/PP-c-PE-, EPDM/ULDPE- and EPDM/HDPE-blends, respectively, 
depicting also the pure corresponding thermoplastic component and the 
cross-linked pure rubber. 

PP-c-PE, which, from its structural nature, has more elastic features 
than all other applied polyolefins, showed a lower initial modulus at low 
strain, followed by strain hardening up to the rupture point. EPDM/PP- 
c-PE-blends expectedly revealed a more rubber-like stress-strain curve, 
with blends with a higher thermoplastic loading having similar char-
acteristics to the pure PP-c-PE, with only small variations in ultimate 
values. Pure ULDPE exhibited a plastic deformation curve with a narrow 
linear elastic region, a somewhat pronounced yield point and apparent 
strain hardening at higher elongations. EPDM/ULDPE-blends in a ratio 
of 40/60 and 50/50 showed ultimate properties (elongation and tensile 
strength), which were very comparable to pure ULDPE. The elastic 
behavior of the blends in comparison with pure ULDPE was much more 
pronounced, which was attributed to the elastomeric compound. With a 
higher elastomer content (70/30-blends), the blend properties 
approached the values of the pure EPDM-component with a significantly 
decreased elongation at break and ultimate strength. For the shown 
EPDM/ULDPE- and EPDM/PP-c-PE-blends with a 50/50- and 40/60- 
ratio strain hardening, and even slightly pronounced hyperelastic 

Fig. 1. Three-step processing route for the preparation of immiscible binary elastomer-thermoplastic-blends with a sulfur-cross-linked EPDM phase (A). Comparison 
of stress-strain curves for EPDM/PP-c-PE- (B), EPDM/ULDPE- (C) and EPDM/HDPE-blends (D) as function of the elastomer/thermoplastic blending ratio, as well as 
the corresponding elastomer and thermoplastic materials. 
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behavior could be observed. Pure HDPE displayed a typical thermo-
plastic stress-strain curve, with an initial yield stress of 26 N mm− 2 (at 
5% strain) and an extended plastic region of approximately 400%. 
EPDM/HDPE-blends showed significantly different curves, in which the 
ductile characteristics had practically disappeared. EPDM/HDPE (40/ 
60) exhibited a barely noticeable yield point; higher EPDM-loading led 
to samples with a more elastic behavior and strain-hardening effects, 
which generally had lower ultimate elongations compared to their 
ULDPE and PP-c-PE counterparts. Owed to the interconnected, cross- 
linked EPDM phase, all blends displayed elastic or elastomeric 
behavior to some extent. With a shift in the blending ratio towards a 
higher thermoplastic content, elastomeric behavior consequently 
steadily diminished. 

Table 2 summarizes all corresponding mechanical key characteristics 
resulting from the performed tensile tests, including tensile strength, 
elongation at break and Young’s Moduli. The cross-linked pure EPDM 
sample reached a tensile strength of less than 4 N mm− 2 and an ultimate 
elongation of 280%. These moderately low values for the pure, semi- 
crystalline rubber can be attributed to a rather densely cross-linked 
network. Generally, a network with a predominance of short cross- 
links (especially mono- and di-sulfide bonds) and a comparably low 
portion of polysulfide links has to be expected with the applied curative 
formulation combined with prolonged vulcanization times [59,60]. 

Adding only 30 wt% of thermoplastic component already signifi-
cantly improved the tensile strength to 19.6 N mm− 2 when using PP-c- 
PE and 16.4 N mm− 2 with ULDPE. Likewise, the elongation at break 
increased to 625% and 501% for PP-c-PE- and ULDPE-blends, respec-
tively. EPDM/PP-c-PE (70/30 and 50/50)- blends exhibited superior 
tensile strength and elongation at break, effectively yielding almost 33 
N mm− 2 and 750% at a ratio of 50/50 (wt/wt). Up to this blending ratio, 
the PP-c-PE-blends apparently outperformed their ULDPE counterparts. 
However, subsequently, the performance slightly dropped when the PP- 
c-PE content was raised to 60 wt%. This might be attributed to a change 
in overall blend morphology and impaired load transfer. The 40/60- 
specimen showed mechanical properties close to those of pure PP-c- 
PE, which supports this assumption. In contrast to PP-c-PE-samples, 
the EPDM/ULDPE-blends yielded continuously improved values up to 
a ratio of 40/60 (wt/wt) reaching a maximum tensile strength of 31 N 
mm− 2 and an elongation of 670% with the highest investigated ULDPE 
loading. The tensile strength of the 40/60-blend was quite similar when 
compared to pure ULDPE. 

This general enhancement of mechanical characteristics demon-
strated the reinforcing nature of the thermoplastic in the mixture. It 

further proves the strong dependency on the blending ratio, which ul-
timately dictates the blend morphology and the load transfer between 
the phases [51,57,61]. An approach for a general understanding of the 
origin of polyethylene’s reinforcing effects in ULDPE/EPDM blends has 
been described previously [62]. The mechanical properties of both, 
EPDM-blends with PP and PE, have been the subject of various studies 
[63–67]. Strong strain hardening of pure HDPE above 380% resulted in 
rupture at 40 N mm− 2 with an ultimate elongation of 511%. 
EPDM/HDPE-blends in different ratios showed very similar ultimate 
elongations, with values slightly above 400%. Tensile strength increased 
with the thermoplastic loading from EPDM/HDPE (70/30), from 17 N 
mm− 2 up to 28 N mm− 2 for the 40/60-blends. A comparison of Young’s 
Moduli facilitated a clear distinction between the three used thermo-
plastic compounds: EPDM/PP-c-PE-blends, which constituted the 
comparatively softest material combination, showed moduli between 12 
and 23 N mm− 2 (70/30- and 40/60-blend respectively). 
EPDM/ULDPE-blends reached up to 51 N mm− 2, while EPDM/HDPE--
blends’ highest moduli were found at 223 N mm− 2. Additionally, 
consequential results for moduli at different elongations (M50, M100, 
M300) are summarized in Table S1. It is also important to consider the 
elastic moduli of the blended materials because most of the performed 
shape-memory deformations fall within the range of 50–100% elastic 
deformation. Increased thermoplastic compounds in 
EPDM/thermoplastic-blends naturally result in a higher modulus in both 
blend systems, raising the elastic material’s initial stiffness. 

3.2. Thermal properties and thermodynamic compatibility 

Overall mechanical properties of polymer blends are evidently 
dependent on the chemical and structural properties of the raw com-
ponents, the blending ratio, their morphology and their thermodynamic 
compatibility. These factors determine whether the components form a 
fully miscible, partially miscible, or immiscible (i.e., phase separated) 
system [55,68–71]. Differential scanning calorimetry (DSC) was used to 
determine the thermal transition temperatures of the materials and to 
evaluate the thermodynamic compatibility in terms of miscibility of the 
semi-crystalline polymer blends. Representative DSC curves (heating 
rate 10 K min− 1) for the pure thermoplastic compounds, processed 
EPDM and 40/60-blends of EPDM/thermoplastic are shown in Fig. 2. As 
mentioned in the experimental section, the EPDM type used contained a 
relatively high ethylene content (65.5–69.5 wt%) and is therefore 
semi-crystalline. Accordingly, this compound showed two temperature 
transitions in the measurement range: the first transition was observed 
at − 49 ◦C, which corresponds to the glass transition (Tg). The second 
was the melting transition (Tm) between 29 and 48 ◦C (peak maximum 
at 38 ◦C). Fig. 2A shows the heating curves for PP-c-PE and the corre-
sponding EPDM/PP-c-PE-blend; Fig. 2B includes pure ULDPE and 
EPDM/ULDPE, and HDPE and EPDM/HDPE are presented in Fig. 2C. 
The pure propylene-ethylene copolymer (PP-c-PP) revealed a Tg at 
− 28 ◦C and two separate melting ranges: 30–75 and 115–145 ◦C, with 
peak maxima at 47 ◦C and 135 ◦C, respectively. In contrast to that, the 
pure ULDPE copolymer exhibited an initial temperature transition be-
tween 30 and 45 ◦C, a broad melting transition range with an onset at 
about 45 ◦C and three distinct melting peak maxima at 56, 101 and 
121 ◦C. A clear Tg was not observed. 

Regarding the EPDM/PP-c-PE-blend, a Tg,1 at − 50 ◦C could be 
assigned to the rubber phase and a Tg,2 at − 32 ◦C originated from the 
thermoplastic component. A broad melting peak starting at ca. 28 ◦C was 
observed, attributed to a superposition of melting transitions from both 
phases. A second melting transition, corresponding to PP-c-PE, was 
found to be at 135–145 ◦C (Tm,peak = 142 ◦C). EPDM/ULDPE (40/60) 
revealed a Tg of − 50 ◦C, stemming from the rubber phase. The transition 
of the blend with a maximum at 45 ◦C was primarily attributed to the 
crystalline segments of EPDM, but also to the first melt transition of 
ULDPE. The melting process of ULDPE then continues up to a temper-
ature of 123 ◦C. For raw HDPE a sharp melting transition in the range of 

Table 2 
Tensile strength, elongation at break and Young’s Moduli for EPDM/PP-c-PE-, 
EPDM/ULDPE- and EPDM/HDPE-blends with different blending ratios.  

EPDM/PP-c-PE 
[wt/wt] 

Tensile strength 
[N mm− 2] 

Elongation at 
break [%] 

Young’s Modulus 
(E) [N mm− 2] 

100/0 3.85 ± 0.5 278 ± 24 6.2 ± 0.3 
70/30 19.6 ± 1.7 625 ± 23 12 ± 1 
50/50 32.8 ± 1.0 749 ± 15 19 ± 1 
40/60 28.4 ± 1.9 717 ± 24 23 ± 1 
0/100 27.7 ± 1.9 741 ± 25 36 ± 1  

EPDM/ULDPE 
[wt/wt] 

Tensile strength 
[N mm− 2] 

Elongation at 
break [%] 

Young’s (E) Modulus 
[N mm− 2] 

70/30 16.4 ± 2.8 501 ± 57 21 ± 1 
50/50 27.6 ± 1.9 644 ± 24 38 ± 3 
40/60 31.3 ± 2.5 671 ± 31 51 ± 4 
0/100 32.2 ± 1.3 635 ± 17 124 ± 5  

EPDM/HDPE 
[wt/wt] 

Tensile strength 
[N mm− 2] 

Elongation at 
break [%] 

Young’s Modulus (E) 
[N mm− 2] 

70/30 17.0 ± 2.7 411 ± 41 40 ± 1 
50/50 24.4 ± 1.8 408 ± 15 138 ± 5 
40/60 27.6 ± 2.2 428 ± 18 223 ± 13 
0/100 40.0 ± 1.9 511 ± 4 921 ± 18  
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115–138 ◦C (Tm,peak = 131 ◦C) was observed. The appearance of this 
distinct peak remained vastly unchanged in the EPDM/HDPE (40/60)- 
blend (Tm,peak = 125 ◦C). At 30–50 ◦C the transition corresponding to the 
EPDM phase was found. Gathered thermal data is additionally summa-
rized in the supporting information (Table S2). Comparing the thermal 
transition temperatures (Tg and Tm-values) of the respective single 
components and the blends produced therefrom, no significant shifts 
were observed. This strongly suggests that the elastomer-thermoplastic- 
blends were phase-separated, which was obviously favorable regarding 
the presumed underlying mechanism for shape-memory behavior [72, 
73]. Supplementary DSC data, including measurements on blends in all 
different ratios (70/30, 50/50 and 40/60) in comparison to their cor-
responding raw constituents, are made available (see supporting infor-
mation, Fig. S3). No significant shifts in the position of glass- and 
melting transitions could be observed, signifying that these were largely 
unaffected by the blending ratios. Hence, the useable transition tem-
perature for the SMP-blends in different ratios remained unchanged, as 
all mixtures constituted immiscible systems. 

3.3. Phase morphology of EPDM/ULDPE-blends 

To evaluate miscibility, phase separation and internal morphology of 
EPDM/ULDPE-blends, tapping mode AFM measurements were con-
ducted with a focus on qualitative mechanical mapping via phase im-
aging. Experience had shown that certain components, such as metal 
oxide particles or fillers, hindered an immaculate sample preparation as 
well as negatively influenced the measurement. Therefore, samples for 
AFM were especially and freshly prepared without the application of 
activating agents (ZnO and stearic acid), to optimize sample preparation 
by ultramicrotomy and to avoid interfering particles and additional ar-
tifacts. More distinct blend ratios of 75/25, 40/60 and 25/75 (wt/wt) 
were used, to enhance the contrast and allow for a clear phase identi-
fication of the elastomer and thermoplastic phases. 

Fig. 3 gives a direct comparison for 75/25 (A), 40/60 (B) and 25/75 
(C) blend ratios with decreasing scan widths of 10 μm, 5 μm and 1 μm 
(from left to right). As evident, the cross-linked blends revealed clear 
phase separations, which was in agreement with literature [61,68,70,71, 

Fig. 2. DSC heating curves (endothermic up) of cross-linked EPDM/PP-c-PE- (A), EPDM/ULDPE- (B) and EPDM/HDPE-blends (C), each in a 40/60-ratio, and the 
corresponding pure materials. Scaling of the heat flow axis in (C) differs because of the greater heat flow resulting from the high crystallinity of HDPE. 

Fig. 3. 10 × 10 μm2, 5 × 5 μm2 and 1 × 1 μm2 AFM phase images of cross-linked EPDM/ULDPE blends with a ratio of 75/25 (A), 40/60 (B) and 25/75 (C) with 
representative, normalized histograms (D–F), taken from 5 × 5 μm2 phase maps. 
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74] and DSC data shown in the previous section. In the shown phase 
images, darker regions indicate softer material properties, which suggest 
them as EPDM phases. Brighter regions correspondingly represent the 
thermoplastic. To substantiate that claim, representative phase histo-
grams are shown at the right, where the highest EPDM contents of 75 wt 
% (top row A) led to a histogram with two convoluted peaks (D). 
Decreasing the EPDM content to 40 wt% (B) and 25 wt% (C), the peak 
distributions in related histograms E and F changed as well, which 
supports the assumption, that darker parts correspond to the softer 
EPDM phase, while brighter parts indicate the thermoplastic ULDPE 
content. As becomes particularly evident in A, the ULDPE phase formed 
elongated morphologies, with a generally stochastic orientation. Higher 
contents revealed some preferred orientations (bottom left to top right) 
in 1 × 1 μm2 phase scans, which, however, possibly stemmed from the 
ultramicrotome cutting direction. Having a look at 5 × 5 μm2 and 10 ×
10 μm2 scans, the generally stochastic character of elongated ULDPE 
structures becomes again evident. Preceding studies of blends with 
EPDM-materials and PP-c-PE or HDPE in different blending-ratios have 
shown similar phase separated structures [75]. 

3.4. Fundamental shape-memory behavior 

The thermo-responsive dual-shape-memory behavior was first 
investigated by DMTA, applying the method described in section 
2.3.4.1. Based on the results obtained by DSC, Tlow = 20 ◦C was selected 
as the lowest temperature for the fixation of shapes, and Ttrans = 140 ◦C 
as transition temperature. This temperature was above the highest 
melting transition for all systems investigated within this work. Conse-
quently, all thermoplastic phases should be in the molten state. 
Fig. 4A–C shows DMTA-data, obtained for the different blends of EPDM 
with PP-c-PE, ULDPE, and HDPE, respectively. For the corresponding 
3D-representations, we refer to Figs. S5–S8. All graphs show data ob-
tained during the third cycle. With respect to strain fixity, these data 
were substantially more comparable to those observed during the first 
and second cycles, while the stress necessary to reach εload = 50% was 
usually a bit higher in the first cycle, but again rather similar in the 
second (as an example, compare Figs. S4 and S5). The generally some-
what higher stress necessary during the first cycle was assigned to partial 
rearrangement of polymer segments as well as to the release of internal 
stress - originating from hot-press molding, vulcanization, subsequent 
cooling, sample cutting, etc., when the sample was stretched to a strain 
of 50% for the first time. Furthermore, at the end of the first cycle, after 

Fig. 4. DMTA data showing the dual-shape-memory experiment (3rd cycle) of EPDM/PP-c-PE-blends (A), EPDM/ULDPE-blends (B) and EPDM/HDPE-blends (C), 
respectively, with EPDM/thermoplastic (E/T)-ratios of 70/30 (dashed lines), 50/50 (dotted lines) and 40/60 (solid lines); shape deformation at Ttrans = 140 ◦C and 
shape fixation at Tmin = 20 ◦C. Graphs indicate shape-fixity ratios (Rf) and shape-recovery ratios (Rr) calculated according to Equations (1) and (2). Macroscopic 
(qualitative) example of dual-shape-memory on EPDM/ULDPE (40/60) with a temporary “S”-shape (D) and the schematic representation of the applied 
programming-recovery cycle (E). Qualitative examples of triple-shape-memory on EPDM/PP-c-PE (40/60) with a temporary circular and spiral shape, respectively 
(F) with Ttrans,1 = 140 ◦C and Ttrans,2 = 60 ◦C, chosen according to the range of the thermoplastics’ and EPDM’s major melting transition, respectively. 
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thermally-triggered recovery, generally a significant remaining strain of 
several percent was observed. This was partially again assigned to the 
effects mentioned above, but also to some adaptation of the sample to 
the clamps when cycled for the first time. Accordingly, the first cycle 
was an annealing/conditioning step, and the graphs in Fig. 4A–C depicts 
the specific repeatable dual-shape-memory behavior of the blends. 

In more detail, the graphs show that a strain of εload = 50% was 
applied 15 min after heating the blends from 20 to 140 ◦C (t = 255 min). 
After an equilibration/creep time of 30 min the stretched samples were 
cooled back to 20 ◦C to fix the temporary shape. Again, 30 min later, the 
stress was removed, which generally resulted in a small, abrupt drop of 
the strain, which was allowed to equilibrate for 15 min (εfix). Subse-
quently, smooth, gradual recovery of the samples occurred during the 
next heating step to 140 ◦C, and the strain remaining in the sample (εrec) 
was determined after 15 min equilibration. 

Comparing the graphs, it becomes evident, that all blends could fix 
shape deformations quite well and thereafter also demonstrated efficient 
recovery. Blends containing more thermoplastic generally exhibited 
somewhat increased shape fixation; e.g., in the case of EPDM/PP-c-PE an 
improvement from 89.0% to 95.9% was observed when changing the 
EPDM/thermoplastic ratio from 70/30 to 50/50. The 40/60-blend 
remained at a strain fixity of 98.0%. This trend confirmed the sug-
gested synergism of the distinct domains, where the thermoplastic phase 
promotes shape fixation. A bit surprising, even the relatively low 
amount of cross-linked EPDM in the 40/60-blend yielded respectable 
shape recovery, which appeared quite similar for all blend ratios 
(97.3–97.9%). Rather comparable behavior was seen for blends with 
ULDPE, where the shape-fixity ratio also increased significantly from 
92.3% (70/30-blend) to 96.0% (50/50-blend). The somewhat smaller 
value of 95.5% observed for the 40/60-blend was assigned to accuracy 
limitations. Also, the rather tough EPDM/HDPE displayed very decent 
shape-memory when deformed at temperatures of 140 ◦C. Shape-fixity 
ranged from 92.2% for the 70/30 specimen up to 95.5% for the 40/ 
60-blend. Shape recovery values were again highest for the EPDM-rich 
batch, with up to 97.8%. At 140 ◦C, the stress necessary for a strain of 
50% (255–285 min) was rather similar for all blends having the same 
mixing ratio. 140 ◦C was a temperature where all thermoplastic com-
ponents were molten, and therefore the resistance to deformation is 
predominantly determined by the cross-linked rubber phase. Conse-
quently, a higher EPDM-content led to higher stress. 

Significant differences became evident in the stress data of the 
different blends while cooling from 140 ◦C to 20 ◦C (t = 285–297 min) 
and during the equilibration phase afterwards. For all EPDM/PP-c-PE- 
samples, as well as for the EPDM/ULDPE (70/30)-sample, the stress 
needed to maintain a strain of 50% decreased steadily and reached a 
constant value, i.e., an equilibrated state, afterwards. The decrease was 
in accordance with the expectation, that cooling and subsequent solid-
ification of the crystalline segments could effectively counteract the 
retractive elastic forces of the elastomer. In contrast to that, all other 
blends showed a more or less pronounced increase in stress, that did not 
even reach a steady state/equilibrium. This was attributed to a combi-
nation of i) considerable shrinkage of the samples during cooling/so-
lidification, and ii) significantly higher stiffness of the thermoplastic 
phase in the ULDPE- and HDPE-blends, respectively, in comparison to 
the PP-c-PE-blends, and iii) general slow rearrangement of polymer 
segments or equilibration in the solid state. 

Two examples of the macroscopic shape-memory of the investigated 
blends are shown in Fig. 4D and F. For these examples, rectangular strips 
with a thickness of 2 mm were cut from vulcanized sheets. A strip of 
EPDM/ULDPE (40/60) was used to demonstrate dual-shape-memory 
behavior by applying the cycle illustrated schematically in Fig. 4E. 

To show the capability of the investigated materials to perform not 
only dual-shape-memory, a strip of EPDM/PP-c-PE (40/60) was pro-
grammed in two steps. First, a circular shape/deformation was created 
at Ttrans,1 = 140 ◦C and fixed by cooling to Ttrans,2 = 60 ◦C. At this 
temperature, the sample was bent into a spiral shape, and subsequently 

cooled to room temperature for shape fixation. When heated again to 
60 ◦C, recovery of the circular shape occurred. After heating to 140 ◦C 
and full recovery, the shape agreed well with the original sample. Thus, 
the blend can conveniently be programmed into distinct shapes for 
triple-shape-memory. Within these experiments, shape programming 
and shape fixation times were set to approximately 10 min. It is worth 
mentioning that shape recovery, especially when performed in an oil 
bath for rapid heat transfer and good observability, occurred impres-
sively quickly, within 20–30 s. 

3.5. Multi-shape-memory experiments and mechanistic considerations 

Reports of triple- as well as quadruple-shape-memory behavior of 
SMPs based on polymer blends or similar systems have been frequently 
published [22,24,46,76]. The macroscopic dual- and 
triple-shape-memory experiments (Fig. 4), as well as the relatively broad 
thermal transitions (Fig. 2) indicated that 50/50-, and especially 
40/60-blends, are promising candidates for thermo-responsive multi--
shape-memory materials. Within this work, multi-shape is defined as 
behavior that allows for the distinct recovery of at least three temporary 
shapes. Hence, the capability for stepwise recovery triggered by an in-
cremental increase in temperature becomes essential. This was investi-
gated for the 40/60 blends by applying the sequence described in section 
2.3.4.2. 

In contrast to the experiments discussed above, only one shape- 
programming sequence (Ttrans = 140 ◦C, εload = 50%, Tlow = 20 ◦C) 
was applied to investigate the potential for multi-shape recovery. With 
the equilibration times mentioned in section 2.3.4.2, the EPDM/ULDPE 
(40/60)-blend again reached a “stress-equilibrated” state before 
unloading, and a fixed strain of εfix = 49.3%. Shortly before unloading, a 
still slightly decreasing stress was observed for the EPDM/PP-c-PP (40/ 
60)-blend, which reached a fixed strain of εfix = 50.0%. Also in consis-
tency with the results described above, the 40/60-blend with HDPE 
exhibited increasing stress before unloading. Additionally, the software 
and control algorithm of the DMTA turned out to be slightly too slow for 
full compensation of the rapidly increasing stress during and after 
cooling, which finally resulted in a somewhat reduced fixed stress of εfix 
= 45.6%. Fig. 5 shows the strain-recovery of the 40/60-blends in the 
thermal range from 55 to 140 ◦C using incremental heating steps of 
2.5 ◦C, and an equilibration time of 20 min after each step. It is obvious, 
that the blends with the different thermoplastics exhibited significantly 

Fig. 5. Direct comparison of thermo-responsive shape recovery (strain vs. 
temperature) of 40/60-blends of EPDM/PP-c-PE (purple), EPDM/ULDPE (blue), 
and EPDM/HDPE (yellow); incremental heating after unloading in steps of 
2.5 ◦C; 20 min for equilibration after each step. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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different recovery. Most of the recovery of EPDM/PP-c-PE (40/60) 
happened in the thermal range from approx. 60 ◦C up to 100 ◦C, while 
the 40/60-blend with HDPE recovered at higher temperatures, in a 
rather narrow window, from approx. 115 to 135 ◦C. In contrast to that, 
the recovery of EPDM/ULDPE covered a comparably broad thermal 
range from ca. 60–130 ◦C. This impressively wide, continuous transition 
was beneficial with respect to application as temperature indicators 
(section 3.6). 

EPDM/ULDPE (40/60) exhibited hardly visible strain recovery steps 
at the beginning (approx. 60–65 ◦C) and subsequently rather small re-
covery steps per 2.5 ◦C, which correlates well to the endothermic tran-
sitions of ULDPE (Fig. 2B). These strain recovery steps increased and 
reached a maximum at around 115 ◦C before decreasing again. It is 
important to emphasize that i) approximately 20 individual strain re-
covery steps could be clearly identified, and that ii) all these partial 
strain recoveries came close to an equilibrated state/strain. Even more 
steps would be possible by reducing the temperature increment. In 
contrast to that, the recovery steps of EPDM/PP-c-PP (40/60) did not 
quite reach an equilibrated strain within the selected equilibration time 
of 20 min. The material reacted significantly slower. Consequently, the 
thermal increments were not so clearly resolved in the strain recovery 
curve. The recovery curve of the 40/60-blend with HDPE showed only a 
few steps, additionally, equilibration behavior was even slower. Resul-
tantly, from the materials investigated within this work, EPDM/ULDPE 
(40/60) was the most promising for thermo-responsive multi-shape- 
memory. 

Semantically, due to the non-existence of dedicated multi-shape- 
programming steps in this particular measurement cycle, the effects 
discussed above could also be referred to as “thermo-responsive shape 
recovery” or “temperature-memory”. Nevertheless, the results clearly 
prove that the material can evidently memorize a multitude of length- or 
shape-configurations using temperatures over a rather broad range. 

A schematic illustration of the expected mechanism and the origin of 
the recovery of EPDM/ULDPE (40/60) over a broad thermal window is 
depicted in Fig. 6A. In general, the shape-memory effect in immiscible 
blends arises from the synergistic interaction of two distinct phases, 
namely the cross-linked elastomer and the crystalline switching seg-
ments [17,77,78]. The initial sample geometry after programming and 
cooling to room temperature (fixed shape @Tlow) is determined by the 
equilibrium of the contractive elastic forces, provided by the 
cross-linked and strained elastomeric network (EPDM), and the 
opposing resistance provided by the crystallized thermoplastic domains 
(ULDPE). While exposing EPDM/ULDPE (40/60) to an incremented 
increase in temperature, crystalline domains of ULDPE will melt, but 
only partially, yielding a somewhat reduced resistance/overall internal 
stress provided by the thermoplastic. As a result, the entropic force 

provided by the EPDM phase leads to an adequate contraction step of the 
specimen (intermediate shape). This phenomenon will progress further. 
Finally, all crystalline regions are melted and the specimen contracts to a 
completely equilibrated state (recovered shape @Thigh). At this stage, 
the internal stress from the thermoplastic domains, as well as the 
contractive elastic forces are zero. Of course, the contributions of the 
crystalline segments of EPDM have to be considered too. With regards to 
the thermal characteristics, the proposed controllable shape-memory 
mechanism requires a uniquely broad thermal transition, as illustrated 
by the DSC thermogram in Fig. 6B. The initial endothermic melting 
transition between ca. 20 and 45 ◦C was attributed to the crystalline 
segments of the EPDM phase, as evidenced by the shown thermal data 
(see Fig. 2B). At temperatures as low as 45–60 ◦C, ULDPE starts to melt, 
resulting in a continuous and extraordinarily broad melting peak up to 
approximately 120 ◦C. 

During the experiment discussed above (Fig. 5), EPDM/ULDPE (40/ 
60) was loaded in a single step (εload = 50%) at Ttrans = 140 ◦C and 
subsequently cooled directly to Tmin = 20 ◦C, which resulted in a fixed 
strain of εfix = 49.3%. To investigate the capability of the material to fix 
additional strains applied at lower temperatures, and to get more insight 
into the behavior of the blend, the stress-controlled procedure described 
in section 2.3.4.3 was used. During this sequence, the sample was first 
heated to Ttrans = 140 ◦C and a stress of only 0.04 N mm− 2 was applied. 
For EPDM/ULDPE (40/60) this resulted in a strain of 18.9% (Fig. 7A). 
Subsequently, the temperature was reduced in steps of 20 ◦C down to a 
temperature of 60 ◦C, and the applied stress was increased stepwise to 
finally 0.7 N mm− 2, before strain fixation was completed by cooling to 
Tmin = 20 ◦C. These temperatures (between 60 and 140 ◦C) were 
selected in consideration of the rather intriguing wide temperature 
range that was provided, particularly with the EPDM/ULDPE-blend. In 
this manner, the thermomechanical and shape-memory behavior could 
be studied by exploiting the entire temperature transition range. Making 
sure to yield a reasonable increase in strain in each step, data from 
previous measurements were used as a reference point for the selection 
of the stress applied at the different temperatures. After appropriate 
equilibration, the recovery was investigated by heating to 140 ◦C, again 
in steps of 20 ◦C. Note that until this point, this was a rather normal 
multi-shape-memory cycle. But, within the procedure applied here, an 
additional unloading and isothermal time for equilibration were 
implemented after each cooling step, with the aim of extracting more 
information about the behavior of the sample. Fig. 7A shows how the 
strain of the EPDM/ULDPE (40/60)-sample increased in dependence on 
the applied stress and temperature. Note that the data clearly indicate a 
significant increase in the strain during cooling, e.g., from 80.5% to 
88.0% while the sample was cooled from 60 to 20 ◦C under a constant 
stress of 0.7 N mm− 2. The behavior was assigned to crystallization- 

Fig. 6. Expected mechanism for the temperature triggered shape recovery over a broad thermal range observed for EPDM/ULDPE (40/60) programmed with a fixed 
strain (A); Illustrative DSC-thermogram of EPDM/ULDPE (40/60), indicating the thermal transition ranges applicable for multi-shape recovery (B). 
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induced elongation (CIE) due to anisotropic chain orientation under 
strain. Furthermore, the additional unloading steps during the pro-
gramming sequence of the sample clearly showed that practically no 
strain was fixed when the sample was cooled to just 120 ◦C. At this 
temperature, the ULDPE phase was obviously not stiff enough to fix the 
applied deformation. As evidenced by the strain-curve progression, the 
recovered strain at each individual temperature, observed during the 
stepwise recovery, came very close to the fixed strain values (in the 
unloaded state) at each individual temperature during programming of 
the EPDM/ULDPE (40/60)-sample. I.e., directly comparing the fixed 
strain at the end of the unloading step with the strain at the end of the 
isothermal recovery step at the corresponding temperatures. For 
example, an already fixed strain of 38.1% was observed when unloading 
the sample at 80 ◦C during the cooling/programming sequence, while 
the strain recovered after heating to 80 ◦C was 42.1%. 50.6% vs. 53.7% 
were the corresponding values at 60 ◦C. These results clearly show, how 
well EPDM/ULDPE (40/60) can fix additional strains or shapes applied 
at various temperatures below 120 ◦C, and that it is indeed a potent 
multi-shape-memory material. Obviously, the results presented here 
benefit from the fact, that the temperatures applied during the whole 
sequence fit well with the fundamental thermal recovery characteristics 
of EPDM/ULDPE (40/60) (as shown and discussed in Fig. 5). It should be 
mentioned that the analogous measurement that was performed without 
the unloading steps during cooling/programming (the recovery 
sequence of which is shown in Fig. 8) revealed highly analogous 
behavior and only minor differences with respect to the stepwise re-
covery behavior, of only a few percent. 

From a practical point of view, the DMTA data imply that four 
temporary shapes could be clearly resolved, while heating to 120 ◦C will 
already give more or less the final recovered shape. For demonstration, 
Fig. 7B shows images of a corresponding experiment using flower- 
shaped EPDM/ULDPE (40/60) with four patels. The intermediate 
shapes of the flower were programmed subsequently by heating the 
specimen to the deformation temperatures (Ttrans = 140, 110, 90 and 
60 ◦C; 10 min isothermal) and fixing the individual patels at room 
temperature (15 min). Slightly different temperature stages in compar-
ison with DMTA measurements were used, as only four instead of five 
shapes were programmed. These were again derived from the blend’s 
thermal properties (see Fig. 2B). The first picture (top) shows the stable 
closed flower at ambient conditions. The petals were then opened 
separately by applying increasing temperature isotherms (10 min) at 60, 
90, 110 ◦C and finally 140 ◦C, as depicted in the following four pictures 
(clockwise), to give the fully opened flower again. Note that significantly 
more temporary shapes would be possible, i.e., by the application of 
sequences with smaller temperature/deformation steps. 

The results indicate that the temperature-stress-pairs applied for 

optimal multi-shape-memory programming of a specific blend must be 
selected thoughtfully with respect to the stiffness and fundamental 
thermal recovery behavior of the material (Fig. 5). Consequently, the 
procedure applied to EPDM/ULDPE (40/60) was anticipated not to be 
most advantageous for the 40/60-blends containing PP-c-PE and HDPE, 
respectively. To demonstrate that, all 40/60-blends were investigated 
with the DMTA-procedure discussed above. The shape-programming 
temperatures were consciously not changed, but appropriately 
adjusted stresses had to be applied for EPDM/PP-c-PE (40/60) and 
EPDM/HDPE (40/60), since the blends had significantly different stiff-
ness. Furthermore, the unloading steps during cooling and programming 
were skipped. A magnified view of the recovery behavior of the different 
blends is reproduced in Fig. 8. As already mentioned above, skipping the 
intermediate unloading/equilibration had only minor effects on the re-
covery behavior of EPDM/ULDPE (40/60). The material showed a 
distinct multi-step shape recovery. ULDPE not only possesses a higher 
degree of crystallinity than PP-c-PE, but it also additionally has a diverse 
enough crystallite population with seamless solidification temperatures 
over a remarkably broad range, enabling the fixation and recovery of 
several temporary deformations. In contrast to that, EPDM/PP-c-PE (40/ 
60) recovered rapidly in about two to three steps. Most of the recovery 
had already occurred at temperatures as low as 60 and 80 ◦C. This was 

Fig. 7. DMTA data of a stress-controlled multi-shape-memory-experiment (2nd cycle) of EPDM/ULDPE (40/60) (A). Qualitative example for stepwise shape recovery 
of the same material using a flower-shaped sample (B). 

Fig. 8. Direct comparison of the thermo-responsive multi-shape recovery (2nd 

cycle) of 40/60-blends of EPDM/PP-c-PE (purple), EPDM/ULDPE (blue), and 
EPDM/HDPE (yellow) after programming of five deformations; samples 
unloaded at t = 826 min. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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attributed to and is in accordance with the thermal properties of the 
material, which showed the major melting peak in that temperature 
region. Subsequent recovered deformation steps were clearly less reg-
ular. Note that this fit well with what could be predicted from Fig. 5. 
Thus, better utilization of the shape-memory potential of EPDM/PP-c-PE 
(40/60) could only be achieved by programming more stress/tempera-
ture pairs below 80 ◦C. Nonetheless, a recovery of four distinguishable 
temporary steps for EPDM/ULDPE and three temporary steps for EPDM/ 
PP-c-PE could be demonstrated, effectively concluding their quintuple- 
and quadruple-shape-memory behavior, respectively. Regarding EPDM/ 
HDPE (40/60), shape programming should mainly be done in smaller 
increments at higher temperatures, since the blend showed major shape 
recovery at the last two temperatures of 120 and 140 ◦C in accordance 
with its rather sharp melting transition between 110 and 135 ◦C and for 
that reason would be less attractive for applications requiring a broad 
thermal range. However, an additional and significant shape recovery 
step was also observed at 60 ◦C, which was induced by the crystalline 
phase of the EPDM. The applied semi-crystalline EPDM type exhibited a 
degree of crystallinity of up to Xc = 8% (evaluation shown in Fig. S9). 

3.6. Application of EPDM/ULDPE (40/60) as temperature indicator 

The gradual and reproducible temperature-dependent shape recov-
ery of the EPDM/ULDPE-blend opens the possibility for application as 
temperature-indicating material in the range from 80 to 135 ◦C. 
Consequently, corresponding experiments on macroscopic samples were 
performed. Sample strips of 100 mm × 10 mm were cut and subjected to 
an initial shape-memory cycle (initial heating to 140 ◦C, applying 50% 
strain, fixation at room temperature and subsequent recovery), in order 
to obtain a substantially stress-free material and to erase the thermal 
history. After this conditioning step, the material was heated again to 
140 ◦C. The marked section (as shown in Fig. 9) was strained to 50% and 
the deformation was fixed at room temperature. The obtained test strips 
could be stored at ambient temperatures for weeks without undergoing a 
significant change in length. Starting with an initial marked length of 
approximately 120 mm, the strips were heated first to 60 ◦C, and then 
sequentially in steps of 10 ◦C up to 140 ◦C. The exposure time at each 
temperature was 15 min. A complete temperature-indication experi-
ment is illustrated in Fig. 9. The indicated length (or remaining fixed 
strain) of the sample, especially between about 80 and 120 ◦C, could 
easily be quantified. 

It depicts the results of an experiment where the temperature was 
increased stepwise. In a control experiment, samples were heated to one 
single target temperature at a time, and the length was determined. A 
comparison of the recovered strains using “stepwise” temperature 

recovery versus a single targeted step is summarized in Table 3. It must 
be emphasized that the deformation process within these preliminary 
temperature-sensing experiments was done manually and individually 
for each sample strip, which potentially introduces an additional source 
of error. Machine-controlled heating and deformation steps would 
probably reduce error margins significantly. 

4. Conclusion 

In conclusion, combining EPDM and polyolefin thermoplastics (PP-c- 
PE, ULDPE or HDPE) in binary blends, allowed for the fabrication of 
effective dual- and triple-shape-memory materials from commodity raw 
components. Structurally, vulcanized EPDM forms a cross-linked rubber 
network, acting as the fixed phase, while the thermoplastic components 
provide the crystalline switching segments. Thermal characterization 
revealed the presence of immiscible binary elastomer-thermoplastic- 
blends. EPDM/ULDPE showed a phase separation with a seemingly co- 
continuous morphology, as furtherly evidenced by AFM measure-
ments, facilitating the proposed mechanism. The found phase-separated 
morphologies were in accordance with previous investigations on 
similar measurements on EPDM/HDPE- and EPDM/PP-c-PE-blends 
[75]. Fundamental shape-memory-behavior of blends with the 
different thermoplastics, as examined with dynamic-mechanical ther-
mal analysis, could be correlated with the inherent material properties. 
In consideration of the systematic variation in blend ratios, it could be 
concluded that the thermoplastic content had a significant impact on the 
mechanical properties, i.e., a higher content of thermoplastic led to 
improved performance. Since the produced blends were immiscible, no 
influence of the blending ratio on the thermal transitions could be 
affirmed. The shape-memory properties in dual-shape-cycles were 
generally improved with increasing thermoplastic content. This held 
especially true for shape-fixity, as it was promoted by the thermoplastic 

Fig. 9. Temperature-indication experiment with an EPDM/ULDPE (40/60) test strip with stepwise temperature increase (increments 10 ◦C).  

Table 3 
Recovered strain of test strips after stepwise temperature increase (steps at 
10 ◦C, multiple determination, 5x) in comparison to direct heating to single 
target temperatures.  

Temperature 
[◦C] 

Recovered Strain (stepwise 
increase to final T) 

Recovered Strain (direct 
heating to target T) 

70 46 ± 2% 46.2% 
80 44 ± 2% 44.4% 
90 38 ± 2% 36.4% 
100 27 ± 2% 29.2% 
110 11 ± 3% 14.1% 
120 0 ± 3% 1.0% 
130 − 3 ± 4% − 0.5%  
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switching segments, while sufficient entropy elastic energy for shape 
recovery was still provided by the cross-linked EPDM. The most prom-
ising material combination, EPDM/ULDPE (40/60), with a unique broad 
thermal transition ranging from 40 ◦C to 125 ◦C, enabled the realization 
of multi-shape-memory. Quintuple-shape-memory and shape-recovery 
with an even higher multitude of temporary shapes was successfully 
demonstrated on macroscopic samples and using dynamic-mechanical 
thermal analysis, respectively. DMTA-experiments on a 
shape-memory-blend based on the same material showed a continuous 
recovery behavior starting at approximately 60 ◦C and continuing to 
125 ◦C. The underlying mechanism is based on the interaction between a 
cross-linked rubber phase and crystalline switching segments melting at 
different temperatures, making these materials interesting as an indi-
cator of the maximum exposure temperature. 

In a real-world practical application, the measured length of these 
conditioned, one-way, reusable test strips was used to infer and display 
the maximum exposure temperature in their immediate vicinity. 
Possible applications include controlling cooling chains, monitoring 
high temperatures during transportation and shipment, and imple-
menting the material for overheating protection in buildings. 
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