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A B S T R A C T   

In this work, multi-stimuli responsive nanocomposites with recyclability and rapid healability features were 
developed by simultaneous incorporation of thermo-reversible DA bonds and functionalized reduced graphene 
oxide (f-rGO) into ethylene copolymer (G-PE). Reversible formation-dissociation of DA crosslinks was investi
gated by FTIR, 1H NMR, DSC, and solubility test. It was observed that mechanical properties of the matrix were 
noticeably improved (modulus ca. 220%, tensile strength ca. 308%, and elongation at break ca. 125%) with 
loading a quite low amount of f-rGO (0.05 wt%). Interestingly, the results revealed the re-workability of the 
developed materials with no significant differences in their mechanical properties as well as shape memory (SM) 
effect after two cycle of melt-reprocessing. Besides, nanocomposites showed scratch-healing and excellent shape 
recovery under direct heating as well as near infrared light (NIR).   

1. Introduction 

Shape memory polymers (SMPs) are an important category of smart 
materials that can recover their original shape from deformed shape(s) 
upon exposure to an external stimulus, such as heat [1–9], infrared light 
[10,11], electricity [9,12–15], alternating magnetic field [16], radio 
frequency [17], and water [18,19]. 

Chemically crosslinked SMPs often exhibit superior properties, such 
as higher modulus and strength, better dimensional and thermal sta
bility, and more solvent resistance as compared with non-crosslinked 
thermoplastic SMPs. For example, a series of thermoset SMPs based on 
natural rubber [20,21] and polyolefin [22] with excellent properties 
have been introduced. However, once the chemical networks of ther
moset SMPs are formed, they cannot be generally reprocessed and 
recycled, and thus their permanent shape is not changeable, which can 
limit the use of thermoset SMPs in various applications and result in 
environmental issues due to their non-recyclability. 

Recently, incorporation of reversible covalent bonds into thermoset 
SMPs is a straightforward strategy to overcome these drawbacks 
[23–25]. Besides that, the dissociation and reformation of dynamic 

crosslink bonds can endow thermo-healing feature to this kind of SMPs 
[10,26,27]. Among them, the chemically crosslinked SMPs based on 
dynamic Diels-Alder (DA) chemistry between maleimide and furfuryl 
groups have drawn much attention of the current researches [23,28]. 
However, most of the developed DA crosslinked thermo-reversible ma
terials are based on biodegradable polymers, such pol as poly(lactic 
acid) (PLA) [25], polycaprolactone (PCL) [27], and polyurethane (PU) 
[11,26]. Interestingly, crosslinking of the conventional polymers such as 
polyolefins and polyacrylates with DA adducts is quite rare in literature 
[29], while, they are widely used in various industries. Therefore, it is 
necessary to develop novel reprocessable and recyclable SMPs based on 
conventional polymers. For instance, reprocessable and healable 
triple-SMPs based on ionically cross-linked syndiotactic polypropylene 
(PP) [30] have been successfully developed by Raidt and coworkers. 

Hence, the main goal of our present work is chemical crosslinking of 
glycidyl containing ethylene copolymer (G-PE) with end-carboxylated 
DA adduct. DA adduct can form dynamic covalent crosslink points, 
and endow shape memory and healability features along with recycla
bility to the G-PE matrix. Furthermore, a series of nanocomposites 
containing various contents of octadecylamine functionalized reduced 
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graphene oxide (f-rGO) were prepared by melt blending method. We 
expect that the incorporation of robust and elastic f-rGO nanoplatelets 
not only will improve the thermally triggered SM and healing properties 
of the matrix, but also they can act as nanoheaters and provide near 
infrared (NIR) light responsiveness to the nanocomposites [10,31]. 

2. Experimental 

2.1. Materials 

2-Furan carboxylic acid (>98%), 4, 4′-bismaleimido-diphenyl
methane (bismaleimide, ≥98.5%), and hydrazine monohydrate (>98%) 
were obtained from Tokyo Chemical Industry Co., Ltd. Ethyl acetate 
(EtOAc, ≥96.0%) was purchased from Samchun Pure Chemical Co., LTd. 
Ethylene-butyl acrylate-glycidyl methacrylate terpolymer (G-PE, 28% 
acrylate) with a melt flow index of 12 g/10 min (190 ◦C, 2.16 kg) was 

Fig. 1. Schematic representation of synthesis of f-rGO nanoplatelets.  

Fig. 2. Schematic demonstration of (a) the synthesis of end-carboxylated DA adduct and (b) the preparation process of G-PE/DA network.  
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purchased from Dupont Co. (USA) under a trade name of Elvaloy PTW. 
Dicumyl peroxide DCP (98%) was obtained from Aldrich. Graphite 
(grade 282863 with a dimension of 20 μm) and octadecylamine (99%) 
were obtained from Aldrich. A concentrated hydrochloric acid aqueous 
solution (HCl, 36.5%), a concentrated sulfuric acid aqueous solution 
(H2SO4, 95–98%), and potassium permanganate (KMnO4) were 

purchased from Daejung Chemicals and Metals Co., Ltd. Ethanol 
(99.7%) and acetonitrile were supplied from Samchun Pure Chemical 
Co., Ltd. 

Fig. 3. FT-IR spectra of (a) GO, (b) f-GO, and (c) f-rGO.  

Fig. 4. FT-IR spectra of (a) 2-furan carboxylic acid, (b) bismaleimide, and (c) DA adduct.  
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2.2. Synthesis of f-rGO 

Graphene oxide (GO) was synthesized through the modified 

Hummer’s method [32]. Then, the surface of GO was modified by 
octadecylamine (ODA) [32]. Briefly, GO (2.00 g) was first dispersed in 
200 ml deionized water with the aid of sonication. Meanwhile, ODA 

Fig. 5. 1H NMR spectra of 2-furan carboxylic acid, bismaleimide, and DA adduct.  

Fig. 6. FT-IR spectra of (a) neat G-PE, (b) DA adduct, and (c) G-PE/DA20.  
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(3.00 g) was dissolved in 100 ml ethanol and dropwise added into the 
GO suspension. The resultant solution was stirred at ambient tempera
ture for 24 h. Hydrazine monohydrate (20 ml), as a reducing agent, was 
added and refluxed at 60 ◦C for 24 h. The obtained suspension was 
filtered and rinsed with deionized water and ethanol for at least 5 times 
to eliminate residual ODA and hydrazine monohydrate. Finally, the 
products were dried at 80 ◦C for 24 h to obtain octadecylamine func
tionalized reduced graphene oxide (f-rGO) powder, as schematically 
shown in Fig. 1. 

2.3. Synthesis of carboxylated DA adduct 

The carboxylated DA adduct was prepared using a similar method 
reported in the literature [33]. 2-Furan carboxylic acid (10.00 g, 89.21 
mmol) and bismaleimide (16.32 g, 45.54 mmol) were dissolved in 
EtOAc (200 ml). The reaction was proceeded at 75 ◦C for 24 h in a reflux 
condenser to form DA bonds (Fig. 2 (a)). After cooling the resultant 
solution to room temperature, it was concentrated with a rotary evap
orator and purified by flash chromatography using acetonitrile/EtOAc 
= 2:1. A white powder of carboxylated DA adduct (8.83 g, 34.10%) was 
obtained after drying in a vacuum oven for over 72 h at 30 ◦C. 

2.4. Crosslinking of G-PE using carboxylated DA adduct 

Before use, G-PE was first put in a vacuum oven for overnight to 
completely dry. A series of G-PE/DA formulations with DA adduct 
contents of 10, 15, and 20 phr were prepared by melt blending 
(Table S1). After melting of G-PE for 5 min, DA adduct was added and 
melt blended at 80 ◦C for 20 min through a Haake internal mixer (60 
rpm). The resultant samples were then molded as sheets at 160 ◦C for 20 
min to accomplish the reaction between the glycidyl groups of G-PE and 
the carboxylic acid groups of DA adduct [34], as schematically shown in 
Fig. 2 (b). After that, the sheets were thermally annealed at 50 ◦C for 3 

days, during which the broken DA bonds within the processing at high 
temperature can be re-associated. 

For comparison, G-PE crosslinked with DCP was also prepared with 
the similar method used for G-PE/DA formulations. Moreover, a series of 
G-PE/DA/f-rGO nanocomposites containing 0.05, 0.1, 0.3, and 0.5 wt% 
of f-rGO were prepared with the same protocol, except that f-rGO was 
loaded during mixing in the internal mixer to obtain G-PE/DA/f-rGO 
nanocomposites (Table S1). Reprocessed samples were prepared by 
cutting the sheets into small pieces and compression molding with the 
same condition and annealing at 50 ◦C for 3 days. 

2.5. Characterization and measurements 

2.5.1. Fourier-transform infrared spectrometer (FT-IR) 
A Bucker ALPHA FT-IR spectrometer (Nicolet iS10, Thermo Scien

tific) was utilized to investigate the structure of synthesized materials in 
a range of 600–4000 cm− 1. 

2.5.2. 1H Nuclear magnetic resonance (NMR) 
The chemical structure of DA adduct was investigated by 1H NMR 

(Bruker model digital AVANCE III 400, Bruker BioSpin AG, USA) at 
room temperature in CDCl3 as a solvent. 

2.5.3. Differential scanning calorimetry (DSC) 
A TA Instruments DSC Q20 was utilized to measure potential thermal 

transitions of G-PE/DA network and its nanocomposites. The samples 
were first heated from 0 to 90 ◦C with a scanning rate of 10 ◦C/min 
under N2 atmosphere, then kept isothermal for 5 min, followed by 
cooling down to 0 ◦C at a scanning rate of 10 ◦C/min, and then heated 
again to 180 ◦C with the same scanning rate. 

2.5.4. Tensile test 
Tensile properties of G-PE/DA samples were measured by using a 

Fig. 7. FE-SEM images of G-PE/DA/f-rGO nanocomposites with (a) 0.05, (b) 0.1, (c) 0.3, and (d) 0.5 wt% of f-rGO contents.  

K.H. Kang et al.                                                                                                                                                                                                                                 



Polymer Testing 104 (2021) 107383

6

universal testing machine (UTM, AGS-500NX, Shimadzu). The speci
mens were stretched until break at a speed of 50 mm/min. For each 
sample, the test was repeated at least five times. 

2.5.5. Dynamic mechanical analysis (DMA) 
The dynamic mechanical properties of the ternary blends were 

investigated using a dynamic mechanical analyzer apparatus (DMA- 
Q800, TA Instruments) with a dynamic strain of 0.2% and preloading 
force of 0.01 N in tensile mode at an operating frequency of 1 Hz. 
Rectangular specimens (30.0 × 6.5 × 1.0 mm3) were heated from − 20 to 
200 ◦C with a rate of 2 ◦C/min in N2 atmosphere. 

The crosslinking density of samples (υd) can be assessed from the 
value of storage modulus at the rubbery plateau based on equation (1) 
[35]. 

υd =
E′

3RT
(1)  

where υd is crosslink density indicating moles of elastically effective 
network chains per cm3 of sample. R and T denote the ideal gas constant 
and the absolute temperature that E′ was chosen. 

2.5.6. Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM, VEGA II, TESCAN, Czech) at an 

accelerating voltage of 20 kV was used to investigate the healing 
behavior of samples. The samples were investigated after sputter coating 
with a thin platinum layer. 

2.5.7. Field emission-scanning electron microscopy (FE-SEM) 
The cross-sectional morphology of samples was investigated by using 

a field-emission SEM (FE-SEM, Hitachi Co, S-900) at an accelerating 
voltage of 15 kV. Samples were quenched and fractured in liquid ni
trogen, followed by sputter coating of the fractured surfaces a thin layer 
of platinum before FE-SEM observations. 

2.5.8. Transmission electron microscopy (FE-TEM) 
The dispersion state of the prepared ODA-GO nanoparticles within 

the polymer matrix was examined by FE-TEM (JEOL JEM-2100F, Japan) 
operating at a voltage of 200 kV. An ultra-thin slice (100 nm) of samples 
was cut using a cryo-microtome (Reichert Ultracut, Leica Microsystem 
GmbH, Nussloch, Germany) and put on copper grids coated with 
carbon–formvar. 

2.5.9. Thermally triggered shape memory effect 
For visual shape memory experiment in bending mode, a rectangular 

shape of samples was cut (50 × 10 × 1 mm3). Firstly, the samples were 
kept at 80 ◦C (which is well above the Tm of all samples) for 5 min, 

Fig. 8. FE-TEM images of G-PE/DA/f-rGO nanocomposites with (a) 0.1, (b) 0.3, and (c) 0.5 wt% of f-rGO contents.  
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bended into a temporary U-like shape (θo), and then quenching to 0 ◦C 
for fixing the temporary shape for 10 min. After that, the external force 
was removed at room temperature and the fixed angle (θi) was 
measured. Finally, the shape recovery process was examined either by 
direct heating at 80 ◦C or by exposure of the samples to near infrared 
(NIR) light irradiation (an infrared lamp with an intensity of 65 mW/ 
cm2 containing a red filter that was placed at 30 cm away from the 
sample, Model Infraphil PAR 38E, Philips, Germany), and the final angle 
(θf) was recorded. The shape fixity (Rf) and recovery (Rr) ratios of 
samples were calculated using equations (2) and (3), respectively. 

Rf =
θi

θ0
× 100% (2)  

Rr =
(θi − θf )

θ0
× 100% (3) 

Thermally activated shape memory effect was also visually investi
gated in tensile mode using dog-bone-shaped specimens. First, the 
sample with an initial length of Li was kept isothermally at 80 ◦C for 5 
min, followed by stretching to 100% of its initial length (Lu) and then 
quenching to 0 ◦C for 10 min to fix the temporary shape. Afterward, the 
applied stress was removed and the length of sample was recorded (Ls). 
Upon heating the stretched samples either by direct heating at 80 ◦C or 
by NIR irradiation (same as above-mentioned set up), their original 
shape (Lr) recovered. The Rf and Rr values of samples were calculated 
using equations (4) and (5), respectively. 

Rf =
Ls − Li

Lu − Li
× 100% (4)  

Rr =
Ls − Lr

Ls − Li
× 100% (5) 

Shape memory properties of the samples were also quantitatively 
measured using DMA under a tensile mode using rectangular specimens 
(30 × 6 × 0.8 mm3) as follows: (i) heating the sample with a rate of 3 ◦C/ 
min and isothermal holding at 80 ◦C, (ii) applying a stress of 0.35 MPa, 
(iii) cooling to 0 ◦C with a rate of 3 ◦C/min, and equilibrating at this 
temperature while keeping the stress constant, (iv) fixing the temporary 
shape by removing the stress, and (v) recovering the original shape with 

Fig. 9. (a) and (b) heating scans, (c) and (d) cooling scans of DSC thermograms of samples.  

Table 1 
Thermal properties of samples obtained from DSC thermograms.  

Sample Heating scan Cooling scan 

Tm ΔHm TrDA ΔHrDA Tc ΔHc 

(◦C) (J/g) (◦C) (J/g) (◦C) (J/g) 

Neat G-PE 75.28 18.81 0 0 54.44 17.350 
G-PE/DA10 75.35 17.85 157.26 0.138 56.11 9.014 
G-PE/DA15 75.88 16.67 156.29 & 

158.51 
1.889 & 
0.115 

55.75 9.739 

G-PE/DA20 75.42 15.49 155.57 & 
158.12 

2.581 & 
0.254 

55.87 9.738 

G-PE/DCP 69.51 17.27 – – 48.41 13.550 
G-PE/DA/f-rGO 

0.05 
72.38 13.16 152.70 & 

155.81 
1.626 & 
0.119 

51.96 8.052 

G-PE/DA/f-rGO 
0.1 

72.55 13.34 153.01 & 
154.80 

1.483 & 
0.082 

51.74 7.681 

G-PE/DA/f-rGO 
0.3 

72.65 13.96 149.93 0.894 51.46 6.463  
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a continuous heating to 80 ◦C at 3 ◦C/min. This cycle was repeated two 
times for each sample. The shape fixing ratio (Rf) and recovery ratio (Rr) 
of samples were determined using equations (6) and (7), respectively 
[13]: 

Rf (N)%=
ε

εload
× 100 (6)  

Rr(N)%=
ε(N) − εrec(N)

ε (N) − εrec (N − 1)
× 100 (7)  

where εload, ε, εrec and N indicate for the maximum strain before 
unloading, the strain upon unloading, the permanent strain after shape 
recovery, and the cycle number, respectively. 

3. Results and discussion 

3.1. Structural analyses 

Fig. 3 shows FT-IR spectra of GO, f-GO, and f-rGO. The characteristic 
peaks of GO appeared at 1710 cm− 1 (-C––O carboxyl stretching vibra
tion), 1385 cm− 1 (C–OH stretching), 1066 cm− 1 (C–O–C of epoxide 
groups), and a wide peak from 3000 to 3500 cm− 1 which was assigned to 
hydroxyl groups. All of these peaks originated from the oxygen-bearing 
functional groups were almost diminished in the f-rGO spectrum (Fig. 3 
(c)), which reveals successful reduction of the GO [10]. The spectra of 
f-GO and f-rGO showed peaks at 2919, 2848, and 720 cm− 1, attributing 
to asymmetric and symmetric stretching, and rocking of –CH2- chain of 
ODA on GO, respectively. In addition, new peaks located at 1564 cm− 1 

(N–H bending vibration) and 1465 cm− 1 (C–N bending vibration) are 

Fig. 10. Schematic illustration of the thermal reversibility feature of the crosslinked G-PE network through DA and rDA reactions.  

Fig. 11. Tensile stress-strain curves of (a) G-PE/DA networks and (b) G-PE/DA/f-rGO nanocomposites.  

Table 2 
Tensile properties of G-PE/DA networks and (b) G-PE/DA/f-rGO 
nanocomposites.  

Sample Modulus 
(MPa) 

Tensile strength 
(MPa) 

Elongation at break 
(%) 

Neat G-PE 2.04 3.66 630.9 
G-PE/DA10 2.32 3.93 609.6 
G-PE/DA15 2.35 3.62 612.2 
G-PE/DA20 2.41 3.38 616.8 
G-PE/DA/f-rGO 

0.05 
5.28 10.40 769.2 

G-PE/DA/f-rGO 
0.1 

6.41 12.02 723.3 

G-PE/DA/f-rGO 
0.3 

7.37 12.15 700.5  
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originated from the formed -C–NH–C- bonds as a result of the reaction 
between amine groups of ODA and epoxide groups of GO [36]. 

Fig. 4 shows FT-IR spectra of 2-furan carboxylic acid, bismaleimide, 
and DA adduct. The most important change after the DA reaction was 
the disappearance of out-of-plane hydrogen bending of furan ring at 753 
cm− 1, which can be correlated to the fact that the furan ring was reacted 
with bismaleimide [37]. In addition, –C––O stretching vibration of the 
carboxylic acid groups at 1682 cm− 1, C––C stretching vibration of furan 
ring at 1516 cm− 1, C–O stretching vibration of carboxylic acid of DA 
adduct at 1299 cm− 1, and the peaks in the range of 3050–3450 cm− 1 

attributed to the hydroxyl group of carboxylic acid were observed [38, 
39]. The typical peaks of bismaleimide at 1702 and 1509 cm− 1 were also 
appeared in the spectrum of DA adduct (Fig. 4 (c)). 

The structure of DA adduct was also investigated by 1H NMR, as 

shown in Fig. 5. The characteristic chemical shifts of DA adduct were 
appeared at 5.38 (H-1), 6.78 (H-2 and H-3), 3.57 and 3.62 (H-4 and H-5 
of endo adduct, respectively), and 3.12 and 3.39 ppm (H-4 and H-5 of 
exo adduct, respectively) [40–43]. Meanwhile, the characteristic peaks 
of 2-furan carboxylic acid at 7.65 (H-A), 6.57 (H–B), and 7.34 ppm 
(H–C) [40] and the peak of bismaleimide located at 7.16 ppm (H-D) [41] 
were almost disappeared in the spectrum of DA adduct. 

The structure of DA crosslinked G-PE was investigated by FT-IR. As 
shown in Fig. 6 (c), the intensity of epoxide group band at 910 cm− 1 

decreased [6,44] and the –OH stretching peak of furan carboxylic acid 
was almost disappeared after crosslinking. These results indicate that 
the reaction between epoxide and carboxylic acid groups happened, 
yielding a crosslinked ethylene copolymer network containing DA 
couplings. 

3.2. Microstructure analyses 

The cross-sectional FESEM micrographs of G-PE/DA/f-rGO nano
composites containing various amounts of f-rGO were shown in Fig. 7. It 
can be seen that f-rGO nanoplatelets were tightly integrated within the 
G-PE/DA matrix. Samples showed a layered morphology with irregular 
fracture surfaces, especially at high graphene loading. Interfacial 
debonding at the filler–polymer interfaces during the fracture created 
numerous cracks throughout the samples. The multiple crack propaga
tion and diversion led to rough fracture surfaces [45]. 

In addition, FE-TEM images of nanocomposites were shown in Fig. 8. 
It is evident that the f-rGO nanoplatelets were fairly dispersed in the 
nanocomposites due to good compatibility between the octadecylamine 
chains grafted on f-rGO and the G-PE matrix. 

3.3. DSC analysis 

DSC thermograms of samples were shown in Fig. 9, and their cor
responding data were listed in Table 1. It can be seen from Fig. 9 that the 
melting and crystallization behaviors of samples were slightly changed 
with the addition of DA adduct. However, Fig. 9 (a) indicates that during 
the heating of DA adduct crosslinked G-PE samples, additional endo
thermic peak(s) appeared at high temperatures, while, neither the neat 
G-PE nor the DCP crosslinked sample (G-PE/DCP) exhibited any endo
thermic peaks in this temperature area. These endothermic peaks can be 
attributed to the de-crosslinking of G-PE molecular chains through retro 
Diels-Alder (rDA) reaction at TrDA during the heating of samples [33], as 
illustrated in Fig. 10. Some samples exhibited two endothermic peaks in 
this area (indicated by dashed lines); one peak in a temperature range of 
155.57–157.26 ◦C followed by a relatively smaller peak observed at a 
slightly higher temperature attributed to the rDA reaction of endo and 
exo isomers of DA adduct at TrDA, endo and TrDA, exo, respectively [46,47]. 
The amount of endo moieties are often higher as compared to exo 
structures, especially when an electron withdrawing substituent pre
sents on the furan and/or the maleimide ring [46]. 

Moreover, Table 1 indicates that the enthalpy of rDA reaction 
(ΔHrDA) increased from 0 to 2.581 J/g as the content of endo DA adduct 
raised from 0 to 20 phr (Table 1), which can be correlated to the increase 
in the number of DA crosslinks with raising the DA adduct content in the 
samples [42]. 

Thermal characterization of G-PE/DA/f-rGO nanocomposites was 
also performed using DSC measurements. From Table 1 one can see that 
the melting temperature of G-PE/DA/f-rGO nanocomposites was slightly 
shifted to a lower temperature. During the heating of the nano
composites loaded with 0.05 and 0.1 wt% f-rGO, two endothermic peaks 
in the ranges of 149.93–152.70 and 154.80–155.81 ◦C were observed, 
indicating that de-crosslinking of the G-PE network by rDA reaction of 
endo and exo moieties of DA adduct, respectively. Moreover, Fig. 9 (b) 
shows that with the increase in f-rGO content, the rDA peaks were 
shifted to a lower temperature, meanwhile, ΔHrDA of nanocomposites 
was decreased with raising f-rGO loading. It seems that the amount of 

Fig. 12. Storage modulus of (a) G-PE/DA networks and (b) G-PE/DA/f-rGO 
nanocomposites as a function of temperature. 

Table 3 
Storage modulus at 100 ◦C and crosslink density (υd) of samples obtained from 
DMA.  

Sample E′ at 100 ◦C (MPa) υd × 104 (mol/cm3) 

Neat G-PE – – 
G-PE/DA10 0.96 1.1 
G-PE/DA15 1.68 1.8 
G-PE/DA20 1.81 1.9 
G-PE/DA15/f-rGO 0.05 1.93 2.1 
G-PE/DA15/f-rGO 0.1 2.38 2.6 
G-PE/DA15/f-rGO 0.3 2.95 3.2  
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DA reaction between furan and bismaleimide was reduced with incor
poration of f-rGO nanoplatelets. 

3.4. Mechanical properties 

The tensile stress-strain curves of samples were showed in Fig. 11, 
and the obtained data were listed in Table 2. Fig. 11 (a) indicates that the 
modulus of samples was slightly increased in the presence of DA adduct, 

while their elongation at break slightly reduced as compared to neat G- 
PE, which might be correlated to enhanced cross-link density. Besides, 
the tensile strength of G-PE/DA matrix did not change noticeably with 
incorporation of DA adduct. 

The tensile stress-strain curves of G-PE/DA and its corresponding 
nanocomposites containing 0.05, 0.1, and 0.3 wt% of f-rGO were 
compared in Fig. 11 (b), and their corresponding mechanical properties 
were summarized in Table 2. 

Fig. 13. Solubility test of (a) non-crosslinked, (b) DA crosslinked, and (c) de-crosslinked G-PE/DA20 in toluene.  

Fig. 14. SEM images of (a) scratched and (b) healed G-PE/DA20 network, (c) scratched and (d) healed G-PE/DA/f-rGO after healing at 160 ◦C for 10 min.  
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It is evident from Table 2 that with incorporation of small amount of 
f-rGO (as low as 0.05 wt%), the mechanical properties of the G-PE/DA 
matrix were noticeably and simultaneously improved (modulus from 
2.41 to 5.28 MPa, tensile strength from 3.38 to 10.40 MPa, and elon
gation at break from 616.8 to 769.2%). This phenomena can be corre
lated to the well-dispersion of f-rGO and good compatibility and 
interface between the G-PE/DA matrix and the alkyl functionalized rGO 
(see Figs. 7 and 8), leading to large stress transfer from the polymer 
matrix to the nano fillers during the deformation process [45,48]. The 
modulus, tensile strength, and elongation at break of G-PE/DA/f-rGO 
0.3 nanocomposite reached to ≈306, 359, and 114% of those of unfilled 
matrix, respectively. Nevertheless, the nanocomposite with 0.05 wt% of 
f-rGO exhibited maximum elongation at break and further increases in 
graphene content led to decrease of that which might be originated from 
the enhanced f-rGO agglomeration at high filler concentrations. 

3.5. DMA results 

Fig. 12 shows the variation of storage modulus with temperature. All 
of the samples except neat G-PE showed a rubbery plateau above Tm 
indicating that they are crosslinked. The storage modulus of rubbery 
plateau region (E′ at 100 ◦C) can be correlated with the crosslink density 
(υd) of samples. The crosslink density of the samples calculated using 
equation (1) and E′ at 100 ◦C values were shown in Table 3. It can be 
seen that crosslink density was increased with increasing DA content 
and reached saturated when DA content is 15 phr, implying DA adduct 
can act as a crosslinking agent for the G-PE. 

3.6. Reprocessing ability of samples 

The reversibility of the G-PE network crosslinked by DA adduct was 

Fig. 15. The healing efficiency of (a) G-PE/DA20 network and (b) G-PE/DA/f-rGO 0.3 nanocomposite after healing at various temperatures for 10 min.  

Fig. 16. Thermally triggered shape recovery behavior of U-like shape bended (a) neat G-PE, DA crosslinked samples and (b) G-PE/DA/f-rGO nanocomposites.  
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visually investigated by the solubility test. The non-crosslinked G-PE 
was soluble in toluene at room temperature (Fig. 13 (a)). However, the 
crosslinked G-PE/DA network did not dissolve in toluene but swelled at 
room temperature (Fig. 13 (b)). Upon heating to 160 ◦C, the swollen 
crosslinked polymer was completely dissolved and a pale yellow solu
tion was obtained (Fig. 13 (c)), indicating that high temperature causes 
in de-crosslinking of sample by rDA reaction (Fig. 10). 

It was also indicated that a crosslinked sheet of G-PE/DA20 and G- 
PE/DA/f-rGO 0.3 samples can be recycled to produce a new sheet 
through compression molding at a temperature above TrDA. The cut 
specimen pieces were reprocessed at 160 ◦C for 10 min and annealed at 
50 ◦C for 3 days, which lead to dissociation and reformation of DA 
bonds, respectively. Interestingly, Fig. S1 and Table S2 show that both 

remolded G-PE/DA20 and G-PE/DA/f-rGO 0.3 samples have almost the 
same mechanical properties as their corresponding original samples 
even after second processing cycle, which can be attributed to the 
reformation of broken DA bonds during the annealing process at 50 ◦C. 

3.7. Scratch-healing property of samples 

A scratch with ≈60% of the thickness of specimen was created in the 
middle of samples using a razor blade (Fig. 14 (a) and (c)). The scratch 
healing property of the G-PE/DA20 and G-PE/DA/f-rGO 0.3 samples 
was then investigated by SEM observations. The sheet with surface 
scratch was heated at 160 ◦C for 10 min. As shown in Fig. 14 (b) and (d), 
the scratch of both samples almost disappeared after heating, indicating 
that the samples can be healed at high temperature. 

The healing efficiency of the G-PE/DA20 and G-PE/DA/f-rGO 0.3 
samples at various temperatures was quantitatively investigated by 
comparing the mechanical properties of original sample with its corre
sponding healed sample (after annealing at 50 ◦C for 3 days), and the 
results were shown in Fig. 15 and Table S3. It can be seen that the 
healing efficiency of both samples in terms of the tensile strength and 
elongation at break recoveries was increased with raising the healing 
temperature. For instance, the tensile strength recovery of G-PE/DA20 
and G-PE/DA/f-rGO 0.3 samples increased from 85.21 to 91.57% and 
from 63.09 to 95.22% when the healing temperature was raised from 
100 to 160 ◦C, respectively. This indicates that both samples have an 
excellent healing behavior above their TrDA, as the tensile strength of the 
healed G-PE/DA20 and G-PE/DA/f-rGO 0.3 was already up to 91.57 and 
95.22% of the strength of their corresponding original samples after 10 
min healing at 160 ◦C, respectively. 

The scratch/crack healing mechanism comprises simultaneous shape 
memory and self-healing functionalities of SMPs [49], which called 
Diels− Alder shape-memory assisted self-healing (DASMASH) in SMPs 
linked by DA reaction [27]; closure of scratch with the assistance of their 
shape memory effect above their thermal transition temperature (Tm in 
our case), and then diffusion of the polymer chains across the area of 
damage and re-association of broken DA bonds and physical links [31, 
50]. The DA bonds are immobilized through crystallite phase below Tm, 
and are activated to a highly dynamic state above Tm causing in the 
re-association of broken bonds with Tm triggered shape memory effect 
that facilitates the closure of scratch and accordingly reformation of the 
broken DA bonds during the scratching process [26]. 

When the temperature was increased to 100 and then to 130 ◦C, 
which are well above the Tm of samples, the polymer chain mobility was 
progressively increased leading to a faster diffusion of the polymer 
molecular chains across the scratch and, as a result, a higher mechanical 
properties recovery through the reformation of DA bonds. However, 
with further raising the healing temperature above the TrDA, of samples, 
i.e., 160 ◦C, a large number of free furan and bismaleimide moieties will 
be available on the scratch surface to heal the scratch of samples during 
the cooling process. In addition, G-PE/DA/f-rGO 0.3 nanocomposite 
displayed higher healing efficiency as compared to G-PE/DA20 at 
160 ◦C. The migration of polymer chains across damaged interface and 
re-adsorption onto the surface of neighboring graphene can be assumed 
as an additional healing mechanism of nanocomposites [51,52]. In 
addition, the heat transfer rate is relatively high in the nanocomposites 
containing the thermal conductive graphene, which can accelerate the 
heat induced healing process. 

3.8. Thermal and NIR triggered shape memory effects of samples 

Thermally activated shape memory behavior of U-like shape bended 
as well as stretched specimen of samples was represented in Figs. 16 and 
17. The shape fixing ratio (Rf) and shape recovery ratio (Rr) of neat G-PE, 
G-PE/DA samples and their corresponding G-PE/DA/f-rGO nano
composites samples were listed in Table 4. It can be seen that all of the 
samples displayed excellent fixing ratios. The neat G-PE could not 

Fig. 17. (a) Thermally triggered shape recovery of stretched G-PE/DA20, (b) 
thermally and NIR triggered shape memory effects of stretched G-PE/DA/f-rGO 
0.3 nanocomposite. 

Table 4 
Thermally triggered shape memory properties of G-PE, G-PE/DA networks, and 
G-PE/DA/f-rGO nanocomposites.  

Sample Bending Tensile 

Rf (%) Rr (%) Rf (%) Rr (%) 

Neat G-PE 100.0 0.7 100.0 0.7 
G-PE/DA10 98.7 20.0 98.7 92.0 
G-PE/DA15 100.0 34.0 99.2 94.0 
G-PE/DA20 100.0 100.0 96.5 99.5 
G-PE/DCP 99.3 99.3 99.3 99.5 
G-PE/DA/f-rGO 0.05 99.3 99.3 99.3 99.7 
G-PE/DA/f-rGO 0.1 98.7 98.7 98.7 98.8 
G-PE/DA/f-rGO 0.3 100.0 100.0 99.0 100.0  
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display shape recovery as shown in Fig. 16. This is most likely due low 
Young’s modulus and low storable strain in the neat G-PE sample [53, 
54]. While, it is evident from Table 4 that Rr of G-PE was remarkably 
improved with incorporation DA adduct. As, the bended as well as the 
stretched G-PE/DA20 and its G-PE/DA/f-rGO nanocomposites could 
almost fully recover to their original shape. For comparison, shape re
covery behavior of DCP linked G-PE was also examined under the same 
condition and it exhibited an Rr value of 99.3%. 

Fig. S2 compares thermally triggered shape memory behaviors of the 
original and reprocessed G-PE/DA20 samples. Table S4 shows that this 
sample could preserve its shape memory properties even after second 

reprocessing cycle. Moreover, Fig. S3 and Table S5 show thermally 
triggered shape memory properties of the original and reprocessed G- 
PE/DA/f-rGO 0.3 nanocomposite. This sample also could almost retain it 
shape fixing and recovery properties after two cycle processing. 

Heat induced shape memory properties of G-PE/DA20 and G-PE/ 
DA/f-rGO 0.3 were also determined during three consecutive cycles 
using DMA, as shown in Fig. 18 (a) and (b), respectively. To avoid re
sidual stresses from the processing history of the samples, Rf and Rr 
values were calculated based on second and third cycles, and the results 
are summarized in Table 5. It can be seen that Rf and Rr values of G-PE/ 
DA20 were improved in the presence of f-rGO nanofillers. 

In semicrystalline G-PE with covalently crosslinked structure, the 
crystalline region of G-PE acts as a reversible (switch) phase providing 
shape fixity capacity, while the covalently crosslinked network of G-PE 
serves as fixing phase, which “memorizes” the original shape after 
deformation during heating process [24,55]. Besides, f-rGO nano
platelets can be considered as an additional fixing phase in the nano
composites [31]. 

It should be noted that the shape recovery was happened well below 

Fig. 18. Shape memory cycles of (a) G-PE/DA20 (b) G-PE/DA20/f-rGO samples obtained by DMA.  

Table 5 
Shape fixing ratio and shape recovery ratio of G-PE/DA20 and G-PE/DA20/f- 
rGO 0.3 determined by DMA.  

Sample Rf (2)% Rf (3)% Rr (2)% Rr (3)% 

G-PE/DA20 92.4 92.6 96.2 96.6 
G-PE/DA20/f-rGO 0.3 97.3 97.4 98.2 98.1  
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the rDA of samples, where the DA bonds were preserved [26]. Therefore, 
all of the DA covalent netpoints acted as “permanent crosslinks” fixing 
the original shape, whereas the crystallites of G-PE played as a reversible 
phase that freeze the polymer network within the temporary shape [56]. 
Upon heating to above Tm, the crystallites of G-PE are melted and 
accordingly the recovery of permanent shape happens due to the release 
of stored entropy and rearrangement of the polymer molecular chains to 
a higher entropy state [53,54]. 

The improvement in Rf and Rr values with the increase in DA adduct 
content as well as f-rGO loading might stem from greater increment in 
entropy during the shape recovery process of the DA crosslinked nano
composites, inducing a large recovery force upon the temperature of 
sample exceeds the Tm of G-PE crystallites. 

Although there are many known stimuli to activate SMPs, NIR light 
has the unique advantages of localized, non-contact, remote actuation, 
and also easy switching on-off for triggering [2]. Due to high photo
thermal conversion efficiency of f-rGO, it can provide NIR 

light-triggered shape memory capability to the matrix [10]. Upon 
exposure of the sample to NIR light, the embedded f-rGO nanoplatelets 
convert NIR light into thermal-energy throughout the polymer matrix 
and raise its temperature up to melting of the crystallites, and accord
ingly lead to release of the trapped entropy and recovery of permanent 
shape [11]. 

NIR triggered shape memory effect of U-like shape samples were 
shown Fig. 19 (a). In addition, NIR triggered shape recovery of the 
stretched G-PE/DA/f-rGO 0.3 nanocomposite was typically shown in 17 
(b). Fig. 19 (a) exhibits that the G-PE/DA network did not show any NIR 
induced shape recovery effect. While, the nanocomposites displayed 
shape recovery effect with radiation of NIR on the sample as a result of 
the photothermal effect of graphene [10]. As, the bended and stretched 
G-PE/DA/f-rGO 0.3 nanocomposite samples demonstrated excellent NIR 
induced shape recovery values of 99.0 and 100%, respectively (Table 6). 

Fig. 19 (b) shows the variation of the surface temperature of G-PE/ 
DA and G-PE/DA/f-rGO nanocomposites versus irradiation time of NIR 
light. It is evident that the surface temperature of nanocomposites 
(especially those containing 0.1 and 0.3 wt% f-rGO) abruptly increased 
when they were exposed to NIR irradiation. However, the surface tem
perature of the unfilled G-PE/DA could not raise over its Tm within the 
investigated period of time due to lack of graphene in this sample. 

4. Conclusion 

In this work, chemically crosslinked polyethylene copolymer con
taining thermo-reversible DA bonds was successfully prepared by a melt 
blending and a subsequent thermal molding. It was observed that with 

Fig. 19. (a) Thermally and (b) NIR triggered shape memory effects of G-PE/DA20 and G-PE/DA/f-rGO nanocomposites, and (c) variation in the surface temperature 
of G-PE/DA and G-PE/DA/f-rGO nanocomposites during time upon exposure to NIR light. 

Table 6 
NIR triggered shape memory properties of G-PE/DA20 and its G-PE/DA/f-rGO 
nanocomposites.  

Sample Bending Tensile 

Rf (%) Rr (%) Rf (%) Rr (%) 

G-PE/DA20 100.0 0.0 100.0 0.0 
G-PE/DA/f-rGO 0.05 99.3 19.7 99.3 79.7 
G-PE/DA/f-rGO 0.1 98.7 89.3 98.7 94.3 
G-PE/DA/f-rGO 0.3 100.0 100.0 99.0 100.0  
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loading of f-rGO as low as 0.05 wt%, the mechanical properties of the G- 
PE/DA matrix are noticeably improved (modulus from 2.41 to 5.28 MPa, 
tensile strength from 3.38 to 10.40 MPa, and elongation at break from 
616.8 to 769.2%), which was attributed to well-dispersion of f-rGO and 
good compatibility between the matrix and f-rGO. Besides, G-PE/DA20 
and its corresponding nanocomposites showed excellent shape fixity and 
recovery ratios in response to direct heating above their Tm. The 
reprocessing experiments revealed that the mechanical properties and 
shape memory effects of the remolded samples were approximately 
same as original samples, which was attributed to the reformation of DA 
bonds during the annealing process. Besides that, it was shown that the 
shape memory behavior of the developed nanocomposites could also be 
activated upon exposure to NIR radiation due to excellent photothermal 
effect of f-rGO. 

In addition, the crosslinked PE samples indicated an excellent heat 
activated scratch-healing behavior (healing efficiency up to 91.57%) 
owing to their SM effect and reversibility of crosslink points, which was 
further improved with loading of f-rGO nanoplatelets (healing efficiency 
up to 95.22%). The combination of strong mechanical properties, 
recyclability, and thermo-healing capability of the developed SM 
nanocomposites, along with their facile preparation from a commer
cially available polymer, can make them as a promising SM material for 
diverse applications, such as fast deployable and actuating devices. 
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