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Abstract: Dynamic crosslinking networks based on Diels–Alder (DA) chemistry and ionic
interactions were introduced to maleic anhydride modified ethylene-vinyl acetate copolymer
(mEVA) via in situ melt processing. The dual dynamic crosslinking networks were characterized
by temperature-dependent FTIR, and the effects on the shape memory properties of mEVA were
evaluated with dynamic mechanical thermal analysis and cyclic tensile testing. A crosslinking
density was achieved at 2.36 × 10−4 mol·cm−3 for DA-crosslinked mEVA; as a result, the stress at
100% extension was increased from 3.8 to 5.6 MPa, and tensile strength and elongation at break
were kept as high as 30.3 MPa and 486%, respectively. The further introduction of 10 wt % zinc
methacrylate increased the dynamic crosslinking density to 3.74 × 10−4 mol·cm−3 and the stress at
100% extension to 9.0 MPa, while providing a tensile strength of 28.4 MPa and strain at break of
308%. The combination of reversible DA covalent crosslinking and ionic network in mEVA enabled a
fixing ratio of 76.4% and recovery ratio of 99.4%, exhibiting an enhanced shape memory performance,
especially at higher temperatures. The enhanced shape memory and mechanical performance of
the dual crosslinked mEVA showed promising reprocessing and recycling abilities of the end-of-life
products in comparison to traditional peroxide initiated covalent crosslinked counterparts.

Keywords: ethylene-vinyl acetate copolymer; shape memory; reversible crosslinking; Diels–Alder
reaction; ionic interactions

1. Introduction

The shape memory effect is a phenomenon related to a physical state change of a polymer upon
application of a stimulus. Heat-shrinkable shape memory products are extensively used in industries
for electrical insulation, environmental protection, and wire bundling. For example, covalently
crosslinked polyethylene has been used as heat-shrinkable tubing and cable sheathing [1]. In addition,
polymers and composites with shape memory abilities can be used to develop smart energy-harvesting
devices [2] and have become very useful for space and biomedical applications [3]. When the polymer
is deformed under an external force, the temporary deformed shape is “frozen” whilst the permanent
shape is memorized. Upon exposure to a trigger stimulus, such as temperature, light, electrical or
magnetic field, pH, or solvent [4], a conformation transition is induced and the polymer recovers the
memorized permanent shape. As an entropy-driven transformation, the conformation of polymer
changes with the movement of internal molecular unit motion [5]. In the process of shape memory,
there are two competing stages: the chain deformation under external stress and the chain contraction
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as an entropic response. To promote shape memory effect, a dual segment polymer system is commonly
suggested. One segment is elastic to provide recovery ability; this is typically a polymer containing
chemically or physically cross-linked structure, such as ionic bonds, π–π interactions, hydrogen
bonding, or metal–ligand coordination [6,7]. The second segment fixes the temporary conformation by
freezing the temporary shape in place. This is usually achieved through an amorphous/semicrystalline
phase transition or intermolecular interactions. A combinatorial approach utilizes reversible bonds
or supramolecular interactions to improve the shape memory performance of polymers, such as
Diels–Alder bonds, disulfide bonds, and ionic interactions [8–10]. The reversibility of the dynamic
bonds enables the transition between the shape deformation and shape fixing, through debonding at
high temperatures and rebonding at low temperatures. The debonding at high temperatures during
the second heating stage benefits the shape recovery by “unfreezing” the restrained polymer chains.

Ethylene-vinyl acetate copolymer (EVA) is a saturated linear polymer commonly used in
automotive and electrical insulation applications, such as gaskets, hot melt adhesives, cable insulants,
and shoe soles [11]. When used in cable insulants, it is usually subjected to various tensile or
bending deformations under external conditions and suffers from aging and mechanical damage.
Endowing the cable insulants with shape memory and shape recovery abilities can simplify the cable
manufacturing process.

Melting transitions are often used to initiate the shape memory behavior of chemically crosslinked
semicrystalline thermoplastics such as EVA, polyethylene, or polyesters. The polymer deforms when
subjected to a temperature above its melting point [12–14]. This also enables the potential recycling or
reprocessing of those chemically crosslinked polymers at the end of the service life. The introduction
of multiple reversible crosslinking networks to EVA will potentially improve the shape memory
and mechanical properties while retaining a good reprocessing ability of the polymer. The vinyl
acetate unit in EVA provides polarity and elasticity but is not sufficient to recover the mechanical
deformation. In this study, to keep the original shape-fixing ability of EVA through the melt–crystalline
transition, reversible dynamic crosslinking networks were introduced into maleic anhydride modified
EVA (mEVA). The reversible covalent bonds were firstly introduced to mEVA via Diels–Alder
interactions [10,11], followed by ionic interactions through the addition of zinc dimethacrylate [15,16].
The aggregation of the ionic clusters acts as physical crosslinking sites responsible for enhanced
flexibility, toughness, temperature sensitivity, and potential recovery function [6,7,17–19]. The effects
of the reversible DA bonds and the ionic crosslinks on the mechanical and shape memory performance
of modified mEVA were discussed.

2. Experimental Section

2.1. Materials

Maleic anhydride modified ethylene-vinyl acetate copolymer (mEVA, Fusabond C250) containing
2 wt % maleic anhydride and with a melt flow rate of 1.4 g/10 min (190 ◦C, 2.16 kg) was kindly
provided by Dow Ltd. Furfurylamine (FFA, Sigma-Aldrich, ≥99%, Schnelldorf, Germany) and
4,4’-methylenebis(N-phenylmaleimide) (BM, Alfa Aesar, 95%, Heysham, UK) were used for the
Diels–Alder reaction. Zinc methacrylate (ZnMA) and dicumyl peroxide (DCP, 98%) were purchased
from Sigma-Aldrich.

2.2. Sample Preparation

To introduce DA bonds to mEVA, mEVA was melted in the mixing chamber at 140 ◦C for 1 min at
a rotor speed of 60 rpm in a Haake rheometer, followed by the addition of FFA. After 15 min, BM was
added and mixed for a further 10 min to produce mEVA-DA. Based on the maleic anhydride content,
the theoretical concentrations of FFA and BM for a complete reaction with the maleic anhydride in
mEVA were calculated to be 1.98 and 3.65 wt %, respectively. To optimize the reaction conditions, a
range of FFA and BM concentrations were added between 0.5 and 1.5 times of 1.98 and 3.65 wt %,
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respectively. The obtained mEVA compounds were further compression-molded at 150 ◦C under
10 MPa for 20 min, with a 5 min preheat process and a 10 min cooling process, to obtain 1 mm thick films.
The samples are denoted as DAx (or mEVA-DAx), where x is varied between 0.5 and 1.5, representing
the concentrations of FFA and BM. The samples obtained were kept at room temperature for 2–3 days
before analysis and shape memory characterization. In addition, the compounds without BM were
prepared to analyze the reaction between FFA and maleic anhydride of mEVA; these samples are
denoted as FFAx (or mEVA-FFAx), where x is varied from 0.5, 1 and 1.5 representing the concentrations
of the FFA.

ZnMA, mEVA, and DCP were mixed at 80 ◦C with a rotor speed of 70 rpm to introduce ionic
bonds to mEVA. The content of DCP was 0.5 wt % of mEVA, and the contents of ZnMA were 10 and
20 wt % of mEVA. The obtained compounds were compression-molded at 170 ◦C under 10 MPa for
20 min, with a 5 min preheat process and a 10 min cooling process, to obtain 1 mm thick films. These
samples are denoted as ZnMAx (or mEVA-ZnMAx), where x is varied from 10 to 20, representing the
contents of ZnMA. The samples obtained were used for structural analysis and mechanical and shape
memory characterizations. In addition, self-polymerized ZnMA was prepared by reacting ZnMA and
DCP (0.5 wt % of ZnMA) under the same conditions in order to obtain polyZnMA for control analysis.

To introduce a dual network of DA and ionic bonds to mEVA, mEVA-DA 1 was further mixed
with 10 wt % ZnMA and 0.5 wt % DCP in a mini-extruder under the same conditions as those of
mEVA-ZnMA preparation. The obtained sample was named mEVA-DA1-ZnMA 10 wt %.

2.3. Characterization

The tensile testing and cyclic tensile experiments were performed using a Shimadzu Autograph
AGS-X tester (Buckinghamshire, UK) equipped with an oven, with samples conforming to
ASTM-D638-14 type V. For tensile testing, the extension rate was 50 mm min−1 with a 10 kN
load cell, and the tests were carried out at room temperature according to ASTM-D638. During the
cyclic tensile experiments, the specimen was firstly stretched to 200% strain and then unloaded to 0%
strain to complete the first cycle. The specimen was then stretched again to 200% strain and unloaded
to 0% strain to complete the second cycle. Then the specimen was relaxed at room temperature for
10 min before being further stretched to 200% strain and then unloaded to 0% strain. After the third
cycle, the specimen was heated up to 130 ◦C and kept isothermally for 30 min before being cooled
down to room temperature. The specimen was stretched to 200% strain and then unloaded to 0% strain
to finish the fourth circle. All the stretching and unloading were conducted at 10 mm min−1.

The shape memory behaviors of samples were analyzed using PerkinElmer DMA8000
(Buckinghamshire, UK). The experiments were conducted in stress control mode using Pyris software.
Through DMA shape memory analysis, the percentages of shape fixity and shape recovery were
determined. The samples analyzed were prepared by cutting the compression-molded films into strips
of ~5 mm length, ~5 mm width, and ~1 mm thickness.

Fourier transform infrared spectra (FTIR) were collected using Bruker TENSOR 27 (Coventry, UK)
at a resolution of 4 cm−1 with 32 scans.

Scanning electron microscopy (SEM) images of the cryogenically fractured surfaces of the blends
were carried out using a Zeiss SUPRA 55-VP field emission scanning electron microscopy system
(Cambridge, UK).

Dynamic mechanical thermal analysis (DMTA) was performed on a Tritec 2000 DMA (PerkinElmer,
Buckinghamshire, UK) with 20 mm × 5 mm × 1 mm samples in tension mode from −120 to 250 ◦C
using a temperature ramp of 3 ◦C·min−1, with 0.05 mm amplitude and a frequency of 1.0 Hz.

Differential scanning calorimetry (DSC) experiments were conducted on a DSC 2910
(TA Instruments, Inc., Surrey, UK) with a heating–cooling–heating procedure. All measurements were
carried out using a constant heating and cooling rate of 20 ◦C min−1 between 0 and 200 ◦C.

The crosslinking density was calculated based on an equilibrium swelling test. The samples
(~0.5 g) were swollen in toluene at 25 ◦C for 72 h to achieve an equilibrium swelling state (see Figure S1,
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Supplementary Information). The weight of the samples was measured under the equilibrium swelling.
Then, the samples were dried in a vacuum oven for 48 h at 50 ◦C to remove the solvent and were
reweighed. The volume fraction of mEVA in the swollen gel, Vr, can be used to represent the relative
crosslinking degree and was determined by Equation (1):

Vr =
m0ϕ(1− α)ρ−1

r

m0ϕ(1− α)ρ−1
r + (m1 −m2)ρ−1

s
(1)

where m0 is the sample mass before swelling; m1 and m2 are the sample masses before and after
drying, respectively, ϕ is the mass fraction of polymer in the sample, α is the mass loss of the polymer
during swelling, ρr is the mEVA density (ρr = 0.962 g·cm−3), and ρs is the solvent density (toluene,
ρs = 0.867 g·cm−3).

The elastically active network chain density, ve, which was used to represent the crosslink density,
was then calculated by the Flory–Rehner Equation (2) [20]:

νe = −
ln(1− νr) + νr + χν2

r

Vr(ν
1
3
r −

νr
2 )

(2)

where ve is the crosslink density of the sample, Vs is the molar volume of the solvent (107 cm3 mol−1

for toluene), and χ is the Flory–Huggins interaction parameter between polymer and solvent. The χ
between polymer and solvent is calculated from Equation (3) [20]:

χ =
(δs − δr)

2Vs

RT
(3)

where δs and δr are the solubility parameters of the solvent (18.2 MPa1/2) and EVA, respectively, R
is the universal gas constant, and T is the absolute temperature. The solubility parameter of EVA is
calculated by Equation (4) [21]:

δr =

∑
Fi

v
(4)

where v is the molar volume of the repeating unit and Fi is molar attraction constant of the chemical
group in the repeating unit.

3. Results and Discussion

3.1. Formation of Reversible Crosslinking Networks

To introduce reversible dynamic covalent bonds into mEVA, a typical DA reaction based on
FFA and BM was conducted. As confirmed by FTIR in Figure 1a, the FFA reacted with the maleic
anhydride (MA) group of mEVA and grafted onto the mEVA chains, causing the reduced intensity
of the characteristic absorption peaks (1861 and 1783 cm−1) of MA. When the FFA content was equal
to or greater than MA, the characteristic absorption peaks of MA completely disappeared. After
addition of BM, the characteristic C–O stretch from the furan ring appeared at ~1190 cm−1, as shown in
Figure 1b, indicating the occurrence of the DA reaction between FFA and BM, as illustrated in Figure 2.
This resulted in dynamic DA crosslinking networks in mEVA.

To evaluate the dynamic covalent DA network, the mEVA-DAx samples were firstly dissolved in
THF at room temperature (see Figure S1). Whilst pristine mEVA fully dissolved, mEVA-DA samples
only partially dissolved. The undissolved gel contents were calculated with Equation (1) to be 22, 62,
and 57 wt % for mEVA-DA0.5, mEVA-DA1, and mEVA-DA1.5, respectively. The calculated crosslinking
densities are 1.57 × 10−4, 2.36 × 10−4, and 1.71 × 10−4 mol/cm3 for mEVA-DA0.5, mEVA-DA1, and
mEVA-DA1.5, respectively. The sample mEVA-DA1.5 exhibited a lower crosslinking density because
the excess Diels–Alder bonding groups behaved as a plasticizer.
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between  furfurylamine and 4,4’‐methylenebis(N‐phenylmaleimide);  (c) crosslinked mEVA‐DA;  (d) 

ionic crosslinked mEVA by zinc methacrylate.   

Figure 1. FTIR spectra: (a) furfurylamine grafting reaction onto mEVA; (b) Diels–Alder reaction
between furfurylamine and 4,4’-methylenebis(N-phenylmaleimide); (c) crosslinked mEVA-DA; (d) ionic
crosslinked mEVA by zinc methacrylate.

To test the reversibility of the crosslinking structure of mEVA-DA, mEVA-DA1 was reheated to
~150 ◦C and kept isothermal for 10 min, and a decrease of the C–O absorption peak of DA ring at
1190 cm−1 was observed (Figure 1c). Subsequently, after the sample was cooled down to 30 ◦C and kept
for 3 days at room temperature, the C–O stretch peak re-appeared. This demonstrates the reversibility
of the covalent crosslinking structure in mEVA-DA samples.

Next, by introducing ZnMA particles to mEVA-DA1, ionic bonds were constructed through the
coordination reaction of ZnMA with the maleic anhydride group of mEVA, initiated by a trace amount
of DCP during the melt-compounding process (see Figure 2b). ZnMA can react via two pathways.
Firstly, it can graft onto the backbone of mEVA, forming ionic network structures. Secondly, it can
self-polymerize into polyZnMA. The grafting of ZnMA onto the polymer backbone has been widely
confirmed previously [13,22–26]. As characterized by FTIR shown in Figure 1d, the absorption peak
for the C=C bonds at 1657 cm−1 of ZnMA disappeared after melt-mixing with mEVA. Additionally, the
absorption peak of the carboxylate anion appeared at 1562 cm−1 in the mEVA-ZnMA blends, indicating
a successful reaction. During the swelling tests, the crosslinking densities of crosslinked mEVA
with 10 and 20 wt % ZnMA were calculated to be 2.73 × 10−4 and 7.22 × 10−4 mol/cm3, respectively.
The introduction of 10 wt % ZnMA into mEVA-DA1 led to a crosslinking density of 3.74 × 10−4 mol/cm3,
higher than that of mEVA-DA1, indicating an additional ionic crosslinking network. SEM imaging
in Figure S2 demonstrates the morphological effect of the reversible Diels–Alder crosslinking and
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ZnMA ionic bonding on mEVA, demonstrating their interactions with the polymer and supporting the
crosslinking density results.
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Figure 2. (a) Schematic of Diels–Alder crosslinking reaction in mEVA. (b) Introduction of Zn ions
into mEVA.

3.2. Mechanical Performance of Reversibly Crosslinked mEVA

The mechanical properties of the crosslinked mEVA with dynamic bonds were characterized and
are shown in Figure 3 and Table S1. The stress at 100% extension and Young’s modulus increased
with the increase of dynamic covalent bonds and ionic interactions, especially for ZnMA-crosslinked
mEVA. The DA-crosslinked mEVA showed higher elongation at break and tensile strength than the
ZnMA-crosslinked mEVA due to the greater flexibility of DA crosslinking compared to ionic clusters.
For pure mEVA and mEVA-DA1, mEVA-ZnMA 10 wt %, and mEVA-DA1-ZnMA 10 wt %, the tensile
strengths were 33.4, 30.3, 21.4, and 28.4 MPa, respectively, the stress at 100% extension increased
from 3.8 to 5.6, 5.9, and 9.0 MPa, respectively, and the elongation at break decreased from 723% to
486%, 441%, and 308%, respectively. The stress–strain curves for mEVA-DA0.5, mEVA-DA1.5, and
mEVA-ZnMA 20 wt % are shown in Figure S3 and summarized in Table S1.

As expected, crosslinked mEVA had a higher storage modulus than pure mEVA at temperatures
greater than −25 ◦C (Figure 4). Compared with pure mEVA and ZnMA-crosslinked mEVA,
DA-crosslinked mEVA had a sharp decrease in storage modulus between 130–150 ◦C, attributed
to the debonding of DA bonds. After the introduction of ZnMA into DA1-crosslinked mEVA, the
modulus increased greatly, especially above ~70 ◦C, close to the melt temperature of mEVA, and no
sharp decreases in storage modulus were observed between 130–150 ◦C, demonstrating the strength of
the ionic interactions compared to the Diels–Alder bonding.

Additionally, the tan δ in Figure 4b shows that the Tg for the polymers is largely unaffected by
the incorporation of the Diels–Alder and ionic interactions, remaining at −5 ◦C. The large tan δ losses
observed above 100 ◦C for mEVA and mEVA-DA1 are attributed to the melt of the polymer, which is
not observed after the ionic interactions are introduced.
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crosslinked mEVA by Diels–Alder reaction and zinc methacrylate during dynamic mechanical
thermal analysis.

3.3. Shape Memory Behaviour of Reversibly Crosslinked mEVA

Shape memory effect of a polymer is a viscoelastic behavior involving the ability to fix a temporary
shape followed by shape recovery. Under different external conditions, the dominant viscous or elastic
behavior of the polymer promotes the transformation. Usually, the transition temperatures such as
the glass transition temperature (Tg), the melting temperature (Tm), or the debonding temperature of
reversible bonds can be used as the transition switch. At temperatures above Tg, Tm, or the debonding
temperature, polymer chain segments possess good mobility, which enables changes in conformation;
below Tg, Tm, or the debonding temperature, the chain segment motion is restricted, enabling the fixing
of the temporary shape. The pure mEVA showed a melting temperature of 77 ◦C and a crystallization
temperature of 44 ◦C (Figure 5), which can be used as the switches of shape recovery and shape
fixing, respectively. However, the crystallization temperature of the composites are very close to room
temperature, which is unfavorable to the shape fixing. Nonetheless, the addition of high-temperature
dynamic crosslinking into mEVA assists in fixing the temporary conformation and additionally in the
recovery ability due to the stronger chain networks. As shown in the DSC scanning curves, after mEVA
was reversibly crosslinked, the melting temperature and the crystallization temperature of mEVA were
both decreased up to 5–6 ◦C, resulting from the restrictions of crosslinking bonds on the movements of
polymer chains. The first heating cycle is shown in Figure S4.
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Figure 5. DSC scanning curves of reversibly crosslinked mEVA.

While investigating the shape memory effect of polymers, the deformation and recovery
temperature is typically set as Ttrans + 20 ◦C, and the fixing temperature is set as Ttrans − 20 ◦C [27].
For reversibly crosslinked mEVA, there are three transition processes: melt–crystallization, DA
debonding–rebonding, and ionic debonding–rebonding. Based on the DMA results discussed in
Section 3.2 (Figure 4a), 130 ◦C was taken as the transition temperature for the deformation and recovery
of the samples during shape memory tests. The DMA shape memory cyclic stress–temperature–strain
tests were carried out in a tensile mode and consisted of four consecutive steps. Step 1 (programming)
involves heating the samples to 130 ◦C at a heating rate of 5 ◦C/min. The samples were then kept in an
isothermal state for 5 min (strain εi) and then stretched until a strain of ~35% was reached (strain εs). In
steps 2 and 3 (shape fixing), the temporary shape was locked by cooling the samples to 30 ◦C, keeping
the stress constant. The stress was then removed, and isothermal conditions were maintained for 5
min to allow the samples to adopt their temporary shape (strain εu). In step 4 (recovery), the samples
were heated to 130 ◦C at 5 ◦C/min and kept in an isothermal state for shape recovery to happen (strain
εr). The cycle was repeated two times, and the data were collected to plot three-dimensional shape
memory graphs. The percentage of shape fixity and percentage of shape recovery were calculated
based on Equations (5) and (6).

% Shape Fixity =
εu − εi
εs − εi

× 100 (5)

% Shape Recovery =
εu − εr

εu − εi
× 100 (6)

The shape memory effects of chemically crosslinked EVA using DCP and benzoyl peroxide (BPO)
were studied and reported previously [28,29]. The shape memory cycles of mEVA and reversibly
crosslinked mEVA samples are shown in Figure 6. A partial shape recovery was noticed in the first
cycle, especially for samples with higher crosslinks: mEVA-ZnMA 10 wt % and mEVA-DA1-ZnMA
10 wt %. The hysteresis effect or incomplete recovery in the first cycle can be due to irreversible
deformation of the reversibly crosslinked mEVA. The hysteresis effect has been studied and previously
reported for polyurethane based shape memory polymers [30,31]. Irreversible morphological changes
that involves reorganization of hard segments during the programming or stretching process for
the first time in the reversibly crosslinked mEVA could be the reason for the incomplete recovery
in samples c and d [32]. The percentages of shape fixity and shape recovery of mEVA and mEVA
containing DA1, ZnMA 10 wt %, or DA1-ZnMA 10 wt % were calculated from the data collected
from the second shape memory cycle, based on Equations (5) and (6), and are summarized in Table 1.
Due to the hysteresis effect, the samples were not stretched to further ~35% strain in the second
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cycle and the percentages of shape fixity and recovery were calculated based on the maximum strain
limit of the DMA instrument. The percentages of shape fixity of mEVA and mEVA containing DA1,
ZnMA 10 wt %, DA1-ZnMA 10 wt % were 80.1%, 82.3%, 93.7%, and 76.4%, and the percentages of
shape recovery were 51.5%, 95.6%, 99.0%, and 99.4%, respectively. For the mEVA sample, the shape
recovery was measured at temperature close to the melting point (77 ◦C). Above the melting point
(>77 ◦C), the mEVA sample melted and deformed without showing shape recovery. Even though
there was hysteresis observed in the first cycle, after the introduction of DA and ionic crosslinks, the
shape-recovery ability was greatly improved in the second cycle. It was noticed that the shape-fixing
ability of crosslinked mEVA-DA1-ZnMA 10 wt % samples was reduced, and this was due to the
significant reduction in crystallization, the main transition of shape fixing. From DSC cooling curves,
the crystallization degree of mEVA with DA1-ZnMA 10 wt % was only 76% of that of pure mEVA.
By contrast, better shape fixity (93.7%) was measured for the mEVA-ZnMA 10 wt % sample, and
this could be due to increase of strain noticed (Figure 7c) in the cooling phase between 30 and 45 ◦C,
which is the recrystallisation temperature of the sample on the basis of DSC experiment (Figure 5).
The strain-increase effect, which is due to recrystallisation while shape fixing, was not very evident on
mEVA, DA1, and DA1-ZnMA 10 wt % samples. The improvement of the recovery ability is mainly
due to the reversible DA bonding and ionic crosslinking networks, which can be reformed at higher
temperature and provide a recovering force.
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Table 1. The parameters in the shape memory testing of reversibly crosslinked mEVA calculated from
the data collected from the second shape memory cycle, based on Equations (5) and (6).

% Shape Recovery % Shape Fixity

mEVA 51.5 80.1
mEVA-DA1 95.6 82.3

mEVA-ZnMA 10 wt % 99.0 93.7
mEVA-DA1-ZnMA 10 wt % 99.4 76.4Polymers 2020, 12, x FOR PEER REVIEW  12 of 15 
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and (d) mEVA-DA1-ZnMA 10 wt % of pristine materials, after 0 min recovery time and after 10 min
recovery time at a 130 ◦C recovery temperature.

Cyclic tensile experiments were performed to study the fixing and recovery ratio of reversible
crosslinked mEVA at a larger strain of 200%. Figure 7 shows the cyclic tensile stress–strain curves
of reversibly crosslinked mEVA samples. After one loading–unloading cycle at room temperature,
notable residual strains were observed without long fixing time, which were 78%, 84%, 96%, and 98%
for mEVA, mEVA containing DA1, ZnMA 10 wt %, and DA1-ZnMA 10 wt %, respectively. Significantly
larger hysteresis was observed for reversibly crosslinked mEVA, with the dissipating energy values of
4.78, 7.62, 8.30, and 10.6 MJ m−3 for mEVA, DA1, ZnMA 10 wt %, and DA1-ZnMA 10 wt %, respectively.
Besides the elastic chain entanglements of mEVA, the energy dissipation related to the hysteresis
originated from the breaking of the reversible bonds while loading to large strain. The residual strain
decreased when the specimen was allowed to relax at room temperature without loading. The recovery
in this process involves competition between the elasticity of the elastic chains and the strength of
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the temporarily re-formed reversible bonds [33]. Once the specimen was unloaded, the deformed
internal structures (elastic chains, DA bonds, and ionic bonds) began to recover; therefore, the recovery
efficiency increased after the introduction of hydrogen or ionic bonds, although the recovery rate was
decreased at room temperature due to the increase in binding energy from DA bonds and especially
from ionic bonds.

After a short holding time (0 min) and a relatively long holding time (10 min) at room temperature,
the residual strain recovery ratios for mEVA were 24% and 37%, respectively. These ratios were 29%
and 52% for DA1, 28% and 46% for ZnMA 10 wt %, and 28% and 49% for DA1-ZnMA 10 wt %.
After heat treatment at 130 ◦C for 30 min, the residual strains were 100% recovered for all samples.
However, the dissipating energy did not completely recover, and the recovery ratios of the stress
at 200% extension and the dissipating energy increased sequentially from mEVA to DA1 to ZnMA
10 wt % to DA1-ZnMA 10 wt %, which was different from the results of SBS/EMAA blends [34], in
which the irreversible deformation at large strain was due to the introduction of the crystalline EMAA.
For ZnMA 10 wt % and DA1-ZnMA 10 wt %, the stresses at 200% extension were completely recovered
attributed to excellent recovery ability of these reversible crosslinks. However, for DA1, the stress at
200% extension was not completely recovered because of the slow rebonding rate of DA bonds. Table 2
summarizes the cyclic tensile behavior of reversibly crosslinked mEVA samples. At larger strain, the
fixing ratio and recovery ratio were improved for the reversible crosslinked mEVA.

Table 2. The cyclic tensile behavior of reversibly crosslinked mEVA.

Sample
Dissipating

Energy (MJ m−3)
Fixing

Ratio (%)

Recovery Ratio (%)

Strain Stress at 200%
Extension

Dissipating
Energy (MJ m−3)

First Cycle First Cycle 0 min 10 min at 130 ◦C at 130 ◦C at 130 ◦C

mEVA 4.8 39 24 37 100 90 69
mEVA-DA 1 7.6 42 29 52 100 87 75

mEVA-ZnMA 10 wt % 8.3 48 28 46 100 104 80
mEVA-DA1-ZnMA 10 wt % 10.6 49 28 49 100 100 88

4. Conclusions

This study has developed dual reversible crosslinked mEVA by introducing DA bonding and
ionic bonding to mEVA through reactive melt processing. The dual reversible crosslinking networks
in mEVA led to a crosslinking density of 3.74 × 10−4 mol·cm−3, with a tensile strength of 28.4 MPa
and strain at break of 308%. The introduction of ionic bonding into DA-crosslinked mEVA increased
the storage modulus without affecting its Tg. The melting temperature and the crystallization
temperature of the dual reversible crosslinked mEVA were decreased to 5–6 ◦C. The reversible
crosslinks endowed the mEVA with excellent shape-recovery ability (>95%) without weakening the
shape-fixing ability. A hysteresis effect or incomplete shape recovery was noticed for samples with
greater crosslinking, i.e., mEVA-ZnMA 10 wt % and mEVA-DA1-ZnMA 10 wt % during the first cycle,
which was due to reorganization of hard segments during the programming or stretching of samples.
Shape recovery of 99.4% and shape fixity of 76.4% were observed for the dual reversible crosslinked
mEVA-DA1-ZnMA 10 wt % from the second shape memory cycle. The introduction of dual reversible
crosslinking networks to polymers through reactive melt processing could qualify the materials for
industry-friendly, reprocessable, heat-shrinkable shape memory products for applications such as
strain relief, electrical insulation, and mechanical and environmental protection.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/4/983/s1,
Supplementary Information containing images of the swelling testing, SEM images of the morphology of mEVA
after the introduction of both Diels–Alder interactions and ionic crosslinking, stress–strain curves of mEVA-DA0.5,
mEVA-DA1.5 and mEVA-ZnMA 20 wt % and DSC first heating scanning curves.

Author Contributions: W.W., S.N.K. and C.W. devised the project. W.W. and S.N.K. carried out the experimental
work and drafted the manuscript. J.L. participated discussion. C.E. and C.W. revised manuscript, assessed

http://www.mdpi.com/2073-4360/12/4/983/s1


Polymers 2020, 12, 983 12 of 13

experimental results and supported the experimental work. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by China Scholarship Council.

Acknowledgments: The authors are grateful for the research support from IINM, WMG at University of
Warwick, UK.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hu, J.; Zhu, Y.; Huang, H.; Lu, J. Recent advances in shape-memory polymers: Structure, mechanism,
functionality, modeling and applications. Prog. Polym. Sci. 2012, 37, 1720–1763. [CrossRef]

2. Xu, W.; Wong, M.-C.; Guo, Q.; Jia, T.; Hao, J. Healable and shape-memory dual functional polymers for
reliable and multipurpose mechanical energy harvesting devices. J. Mater. Chem. A 2019, 7, 16267–16276.
[CrossRef]

3. Kikuchi, A.; Okano, T. Pulsatile drug release control using hydrogels. Adv. Drug Deliv. Rev. 2002, 54, 53–77.
[CrossRef]

4. Yang, Y.; Urban, M.W. Self-healing polymeric materials. Chem. Soc. Rev. 2013, 42, 7446–7467. [CrossRef]
5. Zhao, Q.; Qi, H.J.; Xie, T. Recent progress in shape memory polymer: New behavior, enabling materials, and

mechanistic understanding. Prog. Polym. Sci. 2015, 49–50, 79–120. [CrossRef]
6. Bergman, S.D.; Wudl, F. Mendable polymers. J. Mater. Chem. 2008, 18, 41–62. [CrossRef]
7. Syrett, J.A.; Becer, C.R.; Haddleton, D.M. Self-healing and self-mendable polymers. Polym. Chem. 2010, 1,

978–987. [CrossRef]
8. Dong, J.; Weiss, R.A. Effect of Crosslinking on Shape-Memory Behavior of Zinc Stearate/Ionomer Compounds.

Macromol. Chem. Phys. 2013, 214, 1238–1246. [CrossRef]
9. Tanasi, P.; Hernández Santana, M.; Carretero-González, J.; Verdejo, R.; López-Manchado, M.A.

Thermo-reversible crosslinked natural rubber: A Diels–Alder route for reuse and self-healing properties in
elastomers. Polymer 2019, 175, 15–24. [CrossRef]

10. Wang, A.; Niu, H.; He, Z.; Li, Y. Thermoreversible cross-linking of ethylene/propylene copolymer rubbers.
Polym. Chem. 2017, 8, 4494–4502. [CrossRef]

11. Polgar, L.; Hagting, E.; Koek, W.-J.; Picchioni, F.; Duin, M. Thermoreversible Cross-Linking of
Furan-Containing Ethylene/Vinyl Acetate Rubber with Bismaleimide. Polymers 2017, 9, 81. [CrossRef]
[PubMed]

12. Zhang, Z.X.; He, Z.Z.; Yang, J.H.; Huang, T.; Zhang, N.; Wang, Y. Crystallization controlled shape memory
behaviors of dynamically vulcanized poly(l-lactide)/poly(ethylene vinyl acetate) blends. Polym. Test. 2016,
51, 82–92. [CrossRef]

13. Wang, L.; Hua, J.; Wang, Z. Facile design of heat-triggered shape memory ethylene-vinyl acetate
copolymer/nitrile-butadiene thermoplastic vulcanizates via zinc dimethacrylate induced interfacial
compatibilization. Polym. Test. 2019, 76, 481–489. [CrossRef]

14. Wang, K.; Jia, Y.-G.; Zhao, C.; Zhu, X.X. Multiple and two-way reversible shape memory polymers: Design
strategies and applications. Prog. Mater. Sci. 2019, 105, 100572. [CrossRef]

15. Xu, C.; Cao, L.; Lin, B.; Liang, X.; Chen, Y. Design of Self-Healing Supramolecular Rubbers by Introducing
Ionic Cross-Links into Natural Rubber via a Controlled Vulcanization. ACS Appl. Mater. Interfaces 2016, 8,
17728–17737. [CrossRef]

16. Xu, C.; Cao, L.; Huang, X.; Chen, Y.; Lin, B.; Fu, L. Self-Healing Natural Rubber with Tailorable Mechanical
Properties Based on Ionic Supramolecular Hybrid Network. ACS Appl. Mater. Interfaces 2017, 9, 29363–29373.
[CrossRef]

17. Suckow, M.; Mordvinkin, A.; Roy, M.; Singha, N.K.; Heinrich, G.; Voit, B.; Saalwächter, K.; Böhme, F.
Tuning the Properties and Self-Healing Behavior of Ionically Modified Poly(isobutylene-co-isoprene) Rubber.
Macromolecules 2018, 51, 468–479. [CrossRef]

18. Grande, A.M.; Castelnovo, L.; Landro, L.D.; Giacomuzzo, C.; Francesconi, A.; Rahman, M.A. Rate-dependent
self-healing behavior of an ethylene-co-methacrylic acid ionomer under high-energy impact conditions.
J. Appl. Polym. Sci. 2013, 130, 1949–1958. [CrossRef]

http://dx.doi.org/10.1016/j.progpolymsci.2012.06.001
http://dx.doi.org/10.1039/C9TA03382C
http://dx.doi.org/10.1016/S0169-409X(01)00243-5
http://dx.doi.org/10.1039/c3cs60109a
http://dx.doi.org/10.1016/j.progpolymsci.2015.04.001
http://dx.doi.org/10.1039/B713953P
http://dx.doi.org/10.1039/c0py00104j
http://dx.doi.org/10.1002/macp.201200145
http://dx.doi.org/10.1016/j.polymer.2019.04.059
http://dx.doi.org/10.1039/C7PY00896A
http://dx.doi.org/10.3390/polym9030081
http://www.ncbi.nlm.nih.gov/pubmed/30970761
http://dx.doi.org/10.1016/j.polymertesting.2016.03.003
http://dx.doi.org/10.1016/j.polymertesting.2019.04.011
http://dx.doi.org/10.1016/j.pmatsci.2019.100572
http://dx.doi.org/10.1021/acsami.6b05941
http://dx.doi.org/10.1021/acsami.7b09997
http://dx.doi.org/10.1021/acs.macromol.7b02287
http://dx.doi.org/10.1002/app.39384


Polymers 2020, 12, 983 13 of 13

19. García-Huete, N.; Post, W.; Laza, J.M.; Vilas, J.L.; León, L.M.; García, S.J. Effect of the blend ratio on the shape
memory and self-healing behaviour of ionomer-polycyclooctene crosslinked polymer blends. Eur. Polym. J.
2018, 98, 154–161. [CrossRef]

20. Gwaily, S.E.; Badawy, M.M.; Hassan, H.H.; Madani, M. Influence of thermal aging on crosslinking density of
boron carbide/natural rubber composites. Polym. Test. 2003, 22, 3–7. [CrossRef]

21. Grulke, E.A. Solubility Parameter Values. In Polymer Handbook, 4th ed.; Brandrup, J., Immergut, E.H.,
Grulke, E.A., Eds.; John Wiley & Sons: New York, NY, USA, 1999; p. VII-683.

22. Lu, Y.; Liu, L.; Tian, M.; Geng, H.; Zhang, L. Study on mechanical properties of elastomers reinforced by zinc
dimethacrylate. Eur. Polym. J. 2005, 41, 589–598. [CrossRef]

23. Lu, Y.; Liu, L.; Shen, D.; Yang, C.; Zhang, L. Infrared study on in situ polymerization of zinc dimethacrylate
in poly(α-octylene-co-ethylene) elastomer. Polym. Int. 2004, 53, 802–808. [CrossRef]

24. Ikeda, T.; Yamada, B.; Tsuji, M.; Sakurai, S. In situ copolymerization behaviour of zinc dimethacrylate and
2-(N-ethylperfluoro-octanesulphonamido)ethyl acrylate in hydrogenated nitrile–butadiene rubber during
peroxide crosslinking. Polym. Int. 1999, 48, 446–454. [CrossRef]

25. Saito, Y.; Nishimura, K.; Asada, M.; Toyoda, A. Polymerization behavior of zinc methacrylate study of zinc
methacrylate/rubber/peroxide compounds, Part 2. J. Jpn. Rubber Soc. 1994, 67, 867–872. [CrossRef]

26. Nomura, A.; Takano, J.; Toyoda, A.; Saito, T. Structural analysis of high strength HNBR/ZDMA composites.
J. Jpn. Rubber Soc. 1993, 66, 830–838. [CrossRef]

27. Liu, C.; Qin, H.; Mather, P. Review of Progress in Shape-Memory Polymers. J. Mater. Chem. 2007, 17,
1543–1558. [CrossRef]

28. Li, F.; Zhu, W.; Zhang, X.; Zhao, C.; Xu, M. Shape memory effect of ethylene–vinyl acetate copolymers.
J. Appl. Polym. Sci. 1999, 71, 1063–1070. [CrossRef]

29. Hui, J.; Xia, H.; Chen, H.; Qiu, Y.; Fu, Y.; Ni, Q.-Q. Two-way reversible shape memory polymer: Synthesis
and characterization of benzoyl peroxide-crosslinked poly(ethylene-co-vinyl acetate). Mater. Lett. 2020, 258,
126762. [CrossRef]

30. Xie, T. Recent advances in polymer shape memory. Polymer 2011, 52, 4985–5000. [CrossRef]
31. Shirole, A.; Nicharat, A.; Perotto, C.U.; Weder, C. Tailoring the Properties of a Shape-Memory Polyurethane

via Nanocomposite Formation and Nucleation. Macromolecules 2018, 51, 1841–1849. [CrossRef]
32. Nicharat, A.; Shirole, A.; Foster, E.J.; Weder, C. Thermally activated shape memory behavior of melt-mixed

polyurethane/cellulose nanocrystal composites. J. Appl. Polym. Sci. 2017, 134, 45033. [CrossRef]
33. Liu, J.; Liu, J.; Wang, S.; Huang, J.; Wu, S.; Tang, Z.; Guo, B.; Zhang, L. An advanced elastomer with an

unprecedented combination of excellent mechanical properties and high self-healing capability. J. Mater.
Chem. A 2017, 5, 25660–25671. [CrossRef]

34. Wu, W.; Zhou, Y.; Li, J.; Wan, C. Shape memory and self-healing behavior of styrene–butadiene–
styrene/ethylene-methacrylic acid copolymer (SBS/EMAA) elastomers containing ionic interaction. J. Appl.
Polym. Sci. 2019, 137, 48666. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.eurpolymj.2017.11.006
http://dx.doi.org/10.1016/S0142-9418(02)00024-7
http://dx.doi.org/10.1016/j.eurpolymj.2004.10.012
http://dx.doi.org/10.1002/pi.1462
http://dx.doi.org/10.1002/(SICI)1097-0126(199906)48:6&lt;446::AID-PI159&gt;3.0.CO;2-9
http://dx.doi.org/10.2324/gomu.67.867
http://dx.doi.org/10.2324/gomu.66.830
http://dx.doi.org/10.1039/b615954k
http://dx.doi.org/10.1002/(SICI)1097-4628(19990214)71:7&lt;1063::AID-APP4&gt;3.0.CO;2-A
http://dx.doi.org/10.1016/j.matlet.2019.126762
http://dx.doi.org/10.1016/j.polymer.2011.08.003
http://dx.doi.org/10.1021/acs.macromol.7b01728
http://dx.doi.org/10.1002/app.45033
http://dx.doi.org/10.1039/C7TA08255J
http://dx.doi.org/10.1002/app.48666
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Materials 
	Sample Preparation 
	Characterization 

	Results and Discussion 
	Formation of Reversible Crosslinking Networks 
	Mechanical Performance of Reversibly Crosslinked mEVA 
	Shape Memory Behaviour of Reversibly Crosslinked mEVA 

	Conclusions 
	References

