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Abstract
The present study aims to introduce new shape memory composites containing different nanofillersincludingreduced 
graphene oxide nanoplatelets (rGOnp), graphene oxide nanoplatelets (GOnp), and their hybrids (rGOnp/GOnp)andbased 
on ethylene-vinyl acetate copolymer, polypropylene-graft-maleic anhydride, and polypropylene carbonate (EVA/PP-
g-MA/PPC). The morphologies of the synthesized nanocomposites were studied by transmission electron microscopy 
(TEM) and scanning electron microscopy (SEM), which showed that adding GO/rGO hybrid made better uniformity in 
the matrix rather than GO and rGO. Thermal gravimetric analysis (TGA) indicated that by adding nanofiller into the 
nanocomposites, the melting temperature (Tm) increased from 68.7 °C to 70.9 °C, while the glass transition temperatures 
(Tg) decreased from 33.1 °C to 30.6 °C. In addition, mechanical analysis illustrated that by adding nanofiller to the matrix, 
the breaking stress, modulus, and elongation-at-break increased about 321%, 193%, and 145%, respectively. Moreover, in 
the composites containing rGOnp/GOnp, the shape recovery and shape fixity enhanced in comparison with their rGOnp 
and GOnp counterparts. Therefore, the results revealed that the shape memory EVA/PP-g-MA/PPC mixture, including a 
hybrid of GOnp and rGOnp, has a high actuation value, superior mechanical strength, and excellent shape fixity. Finally, 
the obtained shape fixity of 98.7% and shape recovery of 95.9% for the synthesized samples are the best shape memory 
characteristics for the hybrid nanocomposites.
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Introduction

The use of diverse materials such as polymers, ceram-
ics, and nanocomposite is integral to life. It is used in 
medicine [1–4], bioengineering [5, 6], biomechanics [7, 
8], aerospace [9], organic chemistry [10–12], and many 
other industries. However, in many cases, materials and 
instruments fail or are useless due to deformation or fail-
ure [13–15]. Therefore, the usage of polymer composites 
that cannot restore and recover themselves increases the 
cost in the mentioned industries. To face this challenge, 
shape-memory blends and polymer composites are among 
the best. Shape memory polymers are a group of smart 
polymeric materials that can return to their original and 
permanent state after creating a temporary state or chang-
ing shape [16, 17]. Shape-memory polymers can maintain 
two or three states, and the shape change between these 
states can caused by temperature. Other stimuli that can 
cause such deformation are magnetic fields, electric fields, 
light, or solutions [18, 19]. Various parameters affect the 
memory of materials. The most important parameter that 
affects the shape memory polymers is the existence of the 
separate phases. The similarities in pristine components’ 
structures lead to a higher degree of compatibility and 
result in better mechanical behaviors [20]. For instance, 
ethylene-vinyl acetate (EVA) incorporated with poly (pro-
pylene carbonate) (PPC) composites indicated good shape 
memory behavior with shape fixing and shape recovery 
ratios of about 90% [21]. In addition, adding additives 
to the shape memory composites as nanofiller, such as 
graphene oxide (GO), reduced graphene oxide (rGO), and 
their hybrids, increases the thermomechanical strength as 
well as shape memory, molecular interaction, and finer 
dispersion [22, 23]. Some research results have shown 
that the shape recovery speed can be increased with the 
help of nanofillers, which attributed to the uniform struc-
ture of the nanocomposite. Wang et al. produced a shape 
memory nanocomposite containing reduced graphene 
oxide (rGO) and showed that the recoverability of the 
composite is approximately 100%, taking only 5s under 6V 
[23]. In another study, Tan et al. prepared graphene oxide 
(GO)-filled shape memory polyurethane nanofibers and 
systematically investigated the morphological, thermal, 
and mechanical properties, surface wettability, and the 
shape memory effect. The results showed indicated that 
GO can be well dispersed within the shape memory com-
posite matrix and that the introduction of GO significantly 
improves the mechanical strength, surface wettability, and 
thermal stability [24, 25]. The complex deformation and 
retrieval process in triple shape memory (TSM) is possible 
by remembering two temporary shapes and one perma-
nent shape [26–28]. TSM materials are used in several 

applications such as intelligent packaging, sensors, or bio-
medical devices, resulting in their unique properties such 
as low cost, lightweight, gentle response temperature, or 
biodegradability [29, 30]. One of the most interesting ways 
to achieve materials with a wide transition temperature or 
two separate transition temperatures is the use of block or 
graft copolymers or their blends [31–33]. The application 
of polymer blending is generally preferred to copolymeri-
zation because it is a more flexible and environmentally 
friendly method. Many TSM materials are manufactured 
from miscible polymer blends [34, 35]. However, unlike 
miscible blends, which show moderate properties, the 
properties of immiscible blends can exceed the proper-
ties of each component [36, 37]. In the method of using 
immiscible polymer blends, it is possible to control each 
component independently, so the manufacturing process 
will be very flexible [38]. Yang et al. studied TSM blends 
prepared by melt blending of ethylene-α-octene block 
copolymer (OBC), PCL (poly ɛ-caprolactone), and poly 
(propylene carbonate) (PPC) [39, 40]. It was found that the 
TSM of the blend was influenced by the phase morphol-
ogy. Ji and coworkers [41] reported the preparation of the 
film of an ethylene-vinyl acetate copolymer/polyurethane/
poly (vinyl acetate) blend (EVA/PU/PVAc) by forced-
assembly multilayer coextrusion. In addition, Jung and 
coworkers prepared a polyurethane/graphene nanocompos-
ite using solution mixing [42]. The elastic modulus and 
tensile strength of the synthesized nanocomposite were 
outstanding, but its elongation at break was less than that 
of unmodified polyurethane. During another interesting 
research, by adding 1wt% of functionalized graphene to 
the polyurethane [43, 44], the shape recovery percentage 
increased by 52%. In another work, Han and Chun [23] 
incorporated reduced graphene oxide and graphene oxide 
functionalized with diazonium salts into PU polymer. 
They showed that the functionalized nanocomposite has 
better shape memory properties than the nanocomposite 
reinforced with reduced graphene oxide, which could be 
ascribed to its finer dispersion and superior interaction. 
In the functionalized graphene oxide/PU nanocomposite, 
shape fixity ratio and shape recovery increased to 98% and 
94%, respectively. The literature survey shows that several 
studies have been performed on the effect of two-dimen-
sional carbonic platelets on TSM behavior. However, the 
effects of affinity and polarity of carbonic nanoplatelets 
on the dynamics of blend chains in the shape memory 
process throughout microphase-separated EVA/PP-g-MA/
PPC nanocomposites have not been previously studied by 
other researchers.

In this study, the primary objective was to investigate 
the influence of graphene oxide on the microstructure, 
shape memory properties, and mechanical characteristics 
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of ethylene-vinyl acetate/poly (propylene carbonate) nano-
composites. The incorporation of graphene oxide was 
hypothesized to enhance the overall performance of the 
nanocomposites by improving their structural integrity and 
shape memory behavior. The composites were characterized 
by TEM and FE-SEM thermal stability, mechanical proper-
ties, XRD, and DMTA studied. By systematically analyzing 
the microstructure and mechanical properties of the nano-
composites with varying graphene oxide concentrations, this 
research aimed to provide valuable insights into the poten-
tial applications of these materials in advanced engineer-
ing and biomedical fields. Furthermore, the study sought to 
contribute to the ongoing efforts in developing innovative 
nanocomposite materials with superior properties for a wide 
range of practical applications.

Materials and methods

Materials

In this research, the ethylene-vinyl acetate copolymer (EVA) 
Ultra UL (00218CC3) grade was acquired from ExxonMobil 
Escorene™ Chemicals Company (United States of America, 
Houston, Texas). This particular grade had a vinyl acetate 
content of 18 weight%, a melting point index (at 190 degrees 
Celsius and 2.16 kg) of 1.7 g/10 minutes, and a density of 
0.94 g per cubic centimeter. Polypropylene graft-maleic 
anhydride (PP-g-MA), which contains 1 weight% of maleic 
anhydride, poly (propylene carbonate), from the products of 
Sigma Aldrich, Berlin, Germany. Poly(propylene carbon-
ate) (PPC), with specifications, Mw = 8.15 × 105g/mol, from 
the products of Sigma Aldrich, Berlin, Germany. Benzoyl 
peroxide (BPO), acetone (analytical grade), and chloroform 
are all products that were purchased from Sigma Aldrich in 
Berlin, Germany for this study. For the synthesis of rGOnp 
and GOnp, the following materials were used: graphite, 
hydrazine hydrate, potassium permanganate (KMnO4), 
dimethylformamide (DMF), hydrogen peroxide (H2O2), 
hydrochloric acid (HCl), and sulfuric acid (H2SO4). All of 
these ingredients were purchased from Sigma Aldrich in 
Berlin, Germany.

Preparation of nanocomposites

PPC and EVA were completely dried in a vacuum oven 
before use. Based on the formulation of a certain amount 
of EVA, PPC and PP-g-MA as well as rGOnp, GOnp and 
rGOnp/GOnp in a mixer (Haake) at a temperature of 95.0 
°C and 20 r/min for 3 min, then 60 r/min for 10 minutes. 
The EVA/PP-g-MA/PPC blends were extruded and cut into 
pieces. The nanocomposites samples were subsequently 
compressed into 1  mm-thick 4  mm-width rectangular 

samples at 100 °C and then treated under a pressure of 
25 MPa at 125 °C for 20 min. Then the produced samples 
were slowly cooled in air.

Thermal stability characterization

The thermal stability characterization of nanocomposites 
was performed in the temperature range of 100–800 °C, in 
a nitrogen gas environment with a heating rate of 5 °C/min, 
with a weighted thermal gravimetric analysis (TGA) model 
TGA4000 of PerkinElmer Company (USA). The samples 
with 50 ± 5 mg were prepared to perform the analysis. To 
get reliable results and reduce possible errors, each sample 
was analyzed at least three times, and the average of their 
results was used in the calculations. Differential scanning 
calorimetry (DSC) measurements were performed on a TA 
Q2000 under a nitrogen atmosphere with a constant flow 
rate of 40 ml min−1. Samples were dried in a vacuum oven. 
It was then heated from 0 °C to 100 °C at a heating rate of 
20.0 °C/min. The procedure was conducted in three steps 
with approximately 15 ± 2 mg of each sample: heating, cool-
ing, and reheating. To get reliable results and reduce pos-
sible errors, each sample was analyzed at least three times 
and the average of their results was used in the calculations.

Shape memory characterization

The shape memory behavior and thermo-mechanical decom-
position of nanocomposites were investigated using a 500 
TMA device manufactured by Polymer Laboratories (UK). 
To induce to induce the properties of shape memory, the 
sample was first heated to about Tg and kept at this tempera-
ture for 8 min. Then, about 1 MPa of stress was applied to 
the sample, and immediately the temperature of the sample 
was reduced to 12 °C with cold water with a temperature of 
5 °C. At this temperature, the sample was kept under stress 
for 20 min. Finally, the stress was removed from the sample 
and then the temperature was increased to 45 °C. After that, 
strain changes against temperature, stress, and time were 
recorded. Changes in tablet thickness with temperature were 
calculated using a recorder device, and the values of revers-
ibility (Rr) and temporary shape stabilization (Rf) were cal-
culated from Eqs. 1 and 2:

where ɛm is the maximum strain in the first stage, ɛu is the 
residual strain after cooling the sample and fixing its tempo-
rary shape, and ɛp is the recovered strain after reheating. To 

(1)Rf =
εu

εm

(2)Rr =
εm − εp

εm
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get reliable results and reduce possible errors, each sample 
was analyzed at least five times and the average of the results 
was used in the calculations.

XRD characterization

An X-ray diffractometer (X Pert MPD) was applied under 
a voltage and current of 40 kV and 40 mA, respectively, 
λ = 1.540 Å, using Cu Kα radiation to investigate the fill-
ers. For this test, the powder samples were put in the XRD 
pan where the room temperature was maintained. A hand-
held Raman analyzer (First Guard model, Rigaku Co. USA) 
with a wavelength of 1064 nm in the spectral range of 
500–2000 cm−1 was used.

Mechanical testing

Tensile tests were carried out according to ASTM D-412 
standard method and with the help of the Zwick tensile 
machine (Germany) with a jaw speed of 500 mm/min at 
room temperature. To prepare the sample for the tensile test, 
a plate with a thickness of 2 mm was prepared at 160 °C with 
180 bar, in a hydraulic hot press. The samples were cut in the 
form of dumbbells with specific features (2 × 25 × 120 mm) 
from plates. To get reliable results and reduce possible 
errors, each sample was analyzed at least five times and the 
average of the results was used in the calculations.

Surface characterization

A transmission electron microscope (TEM, H9500 model, 
HITACHI Co, Japan) was used to study the distribution of 
nanofiller platelets in the polymer matrix. To prepare the 
samples, very thin films of the sample were prepared at 
refrigeration conditions of -75 °C using an ultra-microtome 
(Leica) equipped with a diamond knife, and then the surface 
was covered with gold layers. In addition, to examine the 
microstructure, the device (FE-SEM) model MIRA3 made 
by the TESCAN company was used at a voltage of 15 Kv 
and a resolution of 1.5 nm. After analysis, all of the samples 
were fractured in liquid nitrogen and their surfaces were 
coated with gold particles by using the chemical vapor depo-
sition technique at a high vacuum.

Dynamic mechanical thermal analysis (DMTA)

A Pyris Diamond DMTA device from Perkin Elmer Com-
pany (USA) was used to investigate the mechanical prop-
erties. This test was performed at a heating rate of 10 °C/
min at a temperature range of -100 to 100 °C and at a fre-
quency of 1 Hz and strain of 0.2% in the bending mode. For 
this purpose, the rectangular samples with dimensions of 
16 × 5 × 50 mm were prepared. To get reliable results and 

reduce possible errors, each sample was analyzed at least 
three times and the average of their results was used in the 
calculations. For the synthesis of rGOnp and GOnp, the 
Hummers method was used, the details of which can be 
found in references [45, 46]. A hydrazine hydrate-reducing 
agent was used for the chemical reduction of GOnp to syn-
thesize rGOnp. Briefly, 0.2 kg of GOnp was poured into a 
2000-mL round-bottomed flask and agitated magnetically to 
obtain an inhomogeneous dispersion with a yellow-brown 
color. An 85-watt ultrasonic bath was used, and the dis-
persion was sonicated for 150 minutes until a homogene-
ous GOnp dispersion was obtained. Then the reaction was 
continued by adding hydrazine hydrate for 48 hours at 80 
°C in an oil bath with a water-cooled condenser fitted with 
the round-bottomed flask. The product was precipitated 
as a black precipitate and separated by vacuum filtration. 
To remove the unreacted hydrazine fully, the residue was 
washed several times with distilled ethanol and water. Lastly, 
a vacuum oven was used to dry the product at 35 °C for 48 
hours. For this purpose, a pure suspension of rGOnp and 
GOnp and a hybrid of rGOnp/GOnp with the same ratio 
were used. For instance, 10 phr of hybrid rGOnp/GOnp (i.e., 
5 phr rGOnp + 5 phr GOnp) was prepared in the DMF using 
ultrasonication (Hielscher 400 W) for 1 h. Thus, the use of 
ultrasound led to the breaking of large aggregates and the 
separation of rGOnp and GOnp. Before using the precursors, 
they were completely dried in an oven. To prepare the EVA/
PP-g-MA/PPC (50:5:50) solution, a certain amount of EVA, 
PP-g-MA, and PPC was added in a mixer (HaakeRheomix 
600) at a temperature of 95 °C and a speed of 10 r/min for 
2 min, and mixing was continued at a speed of 50 r/min for 
another 6 min. After that, different amounts of nanofillers 
(0.1, 0.3, 0.5, 0.7, 1.0, and 1.3 phr of rGOnp, GOnp, and 
rGOnp/GOnp) were added to the mixture at 95 °C for 10 min 
at 50 r/min. The prepared samples were then compressed 
at 90 °C into rectangular pieces with a thickness of 1 mm 
and a width of 4 mm, and then treated at 120 °C for 25 min 
under a pressure of 10.0 MPa. Finally, the samples were 
slowly cooled in air and stored for further analysis. In cod-
ing blends, E stands for EVA, C stands for PP-g-MA com-
patibilizer, and P stands for PPC. GOnp stands for graphene 
oxide nanoplatelets; rGOnp stands for reduced graphene 
oxide nanoplatelets; and rGOnp/GOnp stands for a hybrid 
of rGOnp and GOnp.

Results and discussion

Evaluation of the nanofillers production

Figure 1a shows the XRD patterns of graphite nanofillers, 
rGOnp, and GOnp. As can be seen in this figure, changes in 
the distance between the interlayers of nanofiller structures 
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can be investigated during the oxidation and reduction 
processes. The graphite characteristic peak is shifted from 
(002), 2θ = 25.7° to (001), 2θ = 12.9°, for GOnp. The pres-
ence of the oxygenated groups OH, -COOH, and epoxy 
increased the d-distance from approximately 0.33 nm for 
graphite to 1 nm for GOnp. These data are in good agree-
ment with previously reported results [47, 48]. Further-
more, the characteristic peak of GOnp disappears due to the 
removal of oxygenated groups by the reduction process, but 
there are also small oxygen groups on the rGOnp surface 
arranged in a short range, leading to the appearance of a 
wide peak around (002), 2θ = 25.1° reflection [49, 50]. The 
effect of carbanionic platelet functional groups on graphite 
d-spacing can be determined from experimental observa-
tions; consequently, rGOnp d-spacing is a little higher than 
graphite d-spacing (0.36 nm), suggesting the presence of 
structural flaws or some residual oxygenic groups [50]. 
Raman spectroscopy is a very special tool for examining 
disordered/ordered sp2 structures. As can be seen in Fig. 1b, 

the D (1350) and G (1600) peaks, and the Raman shift (cm-
1) match the populations of SP2 and SP3 regions. Also, in 
this figure, the ratio of this peak (D to G) intensities (I(D/G)) 
clarified that the SP2 structure population in nanofillers is 
higher than that in GOnp (I(D/G) rGOnp> I(D/G)GOnp). 
Therefore, by increasing the above ratio, the number of free 
electrons increases, which greatly affects the electrical con-
ductivity of nanoparticles. The electrical conductivity of 
rGOnp and GOnp was measured to confirm that the removal 
of oxygenated groups can influence the conductivity of nan-
oparticles. As shown in Fig. 1c, the SP2 structure of rGOnp 
and GOnp and their surface chemistry are affected by elec-
trical conductivity and the ratio of C/O (carbon to oxygen) at 
103 Hz. There is no doubt that the carbon-to-oxygen ratio for 
GOnp has increased from 2.01 to 5.98 for rGOnp, which can 
be attributed to the decrease in oxygen content in the reduc-
tion process. By converting GOnp into rGOnp, the electrical 
conductivity increases dramatically because the π bonds of 
rGOnp are stronger [44, 51], which is in agreement with the 

Fig. 1   a XRD patterns of graphite, rGOnp and GOnp, b Raman spectroscopy results for rGOnp and GOnp, c Electrical conductivity and C/O 
ratio at 103 Hz for rGOnp and GOnp
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results of Raman spectroscopy. As shown in Fig. 2, a pos-
sible hydrogen bond interaction is formed between the car-
bonyl functional groups in EVA and PP-g-MA with the gra-
phene oxide carboxyl functional group and the PPC carbonyl 
functional groups with the rGOnp/GOnp carboxyl functional 
group. According to the functional groups in PPC and EVA, 
there is no possibility of strong interaction between them. 
Adding rGOnp and GOnp causes hydrogen bond interaction 
between EVA/PP-g-MA and PPC (Fig. 2). This hydrogen 
bond interaction between composite components has made 
better compatibility between EVA and PPC.

Morphological study

Figures  3 and 4 show the TEM and FE-SEM micro-
graphs of EVA/PP-g-MA/PPC nanocomposites. The 

microstructure of EVA/PP-g-MA/PPC/GOnp nanocom-
posites (Fig. 3a) demonstrates that nanofiller aggregates 
have an island/shape in the nanocomposites, which is due 
to the strong tendency between GOnp and the hard seg-
ments. Identifying EVA/PP-G-MA/PPC nanocomposites 
is a useful way to predict phase separation between soft 
and hard segments. The TEM image of rGOnp nanocom-
posites in Fig. 3b, shows that the rGOnp has good disper-
sion compared to GOnp which can be attributed to the 
migration of the nanofiller aggregates to soft segmentsor 
continuing the phase of EVA/PP-g-MA/PPC. There is no 
doubt that different advantages and disadvantages can be 
found for the morphologies of EVA/PP-g-MA/PPC nano-
composites. In this way, the design of hybrid composites is 
possible through the simultaneous use of the same values 
of rGOnp and GOnp. Figure 3c shows the rGOnp/GOnp 

Fig. 2   Possible interaction mechanism of EVA/PP-g-MA/PPC with rGOnp/GOnp
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nanocomposites morphology. The dispersion of nanopar-
ticles in hybrid nanocomposites containing 1.3 phrrGOnp/
GOnp is more homogeneous than the dispersion of nano-
particles in simple nanocomposites [52]. This is due to the 
hydrogen bonding between the carbonyl functional groups: 
EVA PP-g-MA with the carboxyl functional group of gra-
phene oxide, and the PPC carbonyl functional groups with 
the rGOnp/GOnp carboxyl functional group (Fig. 1). The 
SEM micrographs of EVA/PPC containing PP-g-MA (b), 
GOnp (c), rGOnp (d), and rGOnp/GOnp (e) are presented 
in Fig. 4. As seen in this figure, the droplet size of the PPC 
polymer distributed in the EVA phase is reduced by the 
addition of rGOnp/GOnp, rGOnp, GOnp, and PP-g-MA, 
respectively. This is due to compatibility among EVA, 
PPC, and PP-g-MA (Fig. 4b), as well as compatibility of 

EVA/PP-g-MA/PPC with rGOnp/GOnp, rGOnp and GOnp 
(Fig. 4c and e). The dispersion and droplet size of dis-
persed PPC as well as EVA/PP-g-MA/PPC compatibility 
are strongly influenced by nanofiller and PP-g-MA [53].

Thermal properties

It seems that the thermomechanical properties of EVA/PP-
G-MA/PPC should be further studied because the thermal 
stability of hybrid EVA/PP-G-MA/PPC is severely affected 
by shape memory. Figure 5 shows the DSC curves of EVA/
PP-g-MA/PPC nanocomposites containing various amounts 
of rGOnp, GOnp, and hybrid rGOnp/GOnp. The thermal 
characteristics of the hybrid EVA/PP-g-MA/PPC nanocom-
posites are presented in Table 1. Undeniably, the change 

Fig. 3   TEM micrographs of 
EVA/PP-g-MA/PPC nanocom-
posites containing: a GOnp 
1.3 phr, b rGOnp 1.3 phr, and 
c rGOnp/GOnp1.3 phr

Fig. 4   FE-SEM micrographs of 
EVA/PP-g-MA/PPC nanocom-
posites containing: a EVA/PPC 
blend, b EVA/PP-g-MA/PPC, 
c GOnp 1.3 phr, d rGOnp 1.3 
phr. and e rGOnp/GOnp 1.3 phr
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in the glass transition temperature of soft segment (Tg,s) 
of hybrid EVA/PP-g-MA/PPC nanocomposites is recog-
nized, which is related to the physical ageing of the blends. 

There is no doubt that a slight decrease in Tg,s depends 
on an increase in GOnp (Table 1). The lower linkage frac-
tion of EVA/PP-g-MA/PPC hybrid nanocomposites reduces 
the hydrogen bonding in the system, and therefore a strong 
interaction between GOnp and hard segments occurs [54]. 
In fact, it can be said that the interaction of GOnp with the 
hard segments in EVA/PP-g-MA/PPC hybrid nanocom-
posites increases the degree of freedom of soft segments, 
and consequently, the soft segments’ melting point (Tm,s) 
reduces in the presence of polar platelets. Actually, the 
GOnp localization in hard segments possibly will produce 
more microphase-separated morphology. It should be noted, 
however, that the effect of GOnp on the reduction of the 
mobility of the hard segment is severe, and this will increase 
the melting temperature of the hard segments (Tm,h) as the 
GOnp content increases (Table 1). In addition, the pres-
ence of rGOnp reduces the movement of soft segments. By 

Table 1   Thermal characteristics of EVA/PP-g-MA/PPC blends by 
increasing of rGOnp/GOnp

Sample Tm,h
(°C)

Tm,s
(°C)

Tg,s
(°C)

Xc(%) ΔH (J/g)

E/P 155.6 68.7 33.1 13.3 24.3
E/C/P 155.8 68.9 33.3 13.6 25.1
E/C/P/GOnp/rGOnp 0.1 157.3 68.9 32.8 16.1 28.1
E/C/P/GOnp/rGOnp 0.3 158.2 69.5 32.4 16.9 28.3
E/C/P/GOnp/rGOnp 0.5 158.6 69.9 31.9 17.8 29.4
E/C/P/GOnp/rGOnp 0.7 158.9 70.2 31.5 18.8 29.8
E/C/P/GOnp/rGOnp 1.0 160.3 70.5 30.9 19.3 30.3
E/C/P/GOnp/rGOnp 1.3 160.8 70.9 30.6 19.9 30.1

Fig. 5   DSC thermograms of EVA/PP-g-MA/PPC blends containing of: a GOnp, b rGOnp, and c hybrid rGOnp/GOnp (0.1, 0.3, 0.5, 0.7, 1.0 and 
1.3 phr)
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enhancing rGOnp, the Tg,s and Tm,s of hybrid EVA/PP-g-
MA/PPC display a rising trend, but it does not have a strong 
effect on Tm,h. The results showed that rGOnp particles 
were located in the soft segments. As shown in Fig. 5 (DSC 
results) and Table 1, the soft segments of hybrid EVA/PP-
g-MA/PPC can be crystallized, and rGOnp largely interacts 
with the soft segments, leading to their insignificant effect 
on Tm,h. The melting temperature of soft segments of EVA/
PP-g-MA/PPC is 47.8 °C, which decreases with increasing 
rGOnp content. The following equation can be used to cal-
culate the degree of crystallization (Xc) of neat EVA/PPC 
and its nanocomposites:

In this Eq, ΔH and ΔH0 represent the heat of fusion 
and the heat of fusion of 100% crystalline nanocompos-
ites, respectively. The results are presented in Table 1. In 
terms of Xc and ΔH values, it is comparatively obvious 
that the crystalline state value of hybrid EVA/PP-g-MA/
PPC is increased, indicating the role of rGOnp as a nucleat-
ing agent in the soft segments. It should be noted that the 
higher the rGOnp, the higher the soft segment crystalline 
state of blends. In this way, the melting point will be higher, 
which is the result of the formation of more regular struc-
tures, or microcrystals. The phase-separated morphology of 
EVA/PP-g-MA/PPC further elucidated in the presence of 
rGOnp (low polarity) and GOnp (polarity), which can be 
explained based on the above descriptions and DSC obser-
vations. Although rGOnp is mainly located in the local soft 
segments, strong interactions between polar platelets and 
hard segments are confirmed only by the diversity of crys-
talline behavior. Overall, it can be concluded that rGOnp/
EVA/PP-g-MA/PPC and GOnp/EVA/PP-g-MA/PPC nano-
composites have opposite two morphologies, each of which 
has its own advantages and disadvantages. A good effect 
on the crystallinity behavior in nanocomposites with non-
polar platelets makes the shape memory behavior improved. 
Whereas the polar platelets make possible the development 
of shape memory properties with improved phase-separated 

(3)XC% =
ΔH

ΔH
0

× 100

morphology in EVA/PP-g-MA/PPC nanocomposites. In 
hybrid rGOnp/GOnp of EVA/PP-g-MA/PPC nanocompos-
ites, although the presence of GOnp is the reason for micro-
phase separation, the tendency to increase the crystallinity 
of the composites is due to the nucleation effect of rGOnp. 
The data of hybrid nanocomposites in Table 1 showed that 
the Tg,s, Tm,s, Xc, and Tm,h values have increased with 
increasing rGOnp/GOnp content. In all these compounds, 
the abbreviation E stands for EVA polymer, the abbrevia-
tion C stands for PP-g-MA compatibilizer, and the abbre-
viation P stands for PPC polymer. Also, GOnp indicates the 
amount of graphene oxide nanoplatelets and rGOnp indi-
cates the amount of reduced graphene oxide nanoplatelets 
and GOnp/rGOnp indicates a hybrid of both nanofillers in 
equal amounts. Also rGOnp/GOnp/EVA/PP-g-MA/PPC 
nanocomposites showed better improvement compared to 
both rGOnp/EVA/PP-g-MA/PPC and GOnp/EVA/PP-g-
MA/PPC. The phase separation and crystallinity of rGOnp 
(pure) and GOnp at the same content are higher than those 
of rGOnp/GOnp hybrid. On rGOnp/GOnp/EVA/PP-g-MA/
PPC nanocomposites, is expected to be more tunable, which 
leads to the creation of suitable features for the use of shape 
memory [55]. Supplementary data for Table 1 are available 
in the Supporting information (Table 1S).

Mechanical properties of EVA/PP‑g‑MA/PPC 
nanocomposites

There is no doubt that by adding and incorporating rGOnp, 
GOnp, and rGOnp/GOnp hybrids into EVA/PP-g-MA/
PPC blends, the mechanical properties are significantly 
increased [56, 57]. Many features are responsible for this 
increase in mechanical properties [58]. Nanofiller surface 
chemistry effects on the mechanical properties through 
nanofiller/nanofiller interaction, nanofiller/blend interac-
tion, and nanofiller dispersion within the blend, which has 
been investigated in our study. Consequently, the differ-
ent amounts (0.1, 0.3, 0.5, 0.7, 1.0, and 1.3 phr) of hybrid 
rGOnp/GOnp, rGOnp, and GOnp were incorporated into 
the EVA/PP-g-MA/PPC blends to study their influence on 

Table 2   Mechanical properties 
of EVA/PP-g-MA/PPC by 
increasing of rGOnp/GOnp

Sample Youngs modulus
(MPa)

Tensile strength-at-break 
(MPa)

Elongation-
at-break (%)

E/P 3.61 ± 0.07 38.8 ± 0.76 55.9 ± 1.2
E/C/P 3.63 ± 0.07 40.3 ± 0.80 59.8 ± 1.2
E/C/P/GOnp/rGOnp 0.1 7.16 ± 0.14 57.1 ± 1.1 66.8 ± 1.3
E/C/P/GOnp/rGOnp 0.3 8.41 ± 0.16 61.4 ± 1.2 71.5 ± 1.4
E/C/P/GOnp/rGOnp 0.5 9.53 ± 0.18 68.2 ± 1.4 76.3 ± 1.5
E/C/P/GOnp/rGOnp 0.7 10.46 ± 0.21 71.4 ± 1.4 79.4 ± 1.6
E/C/P/GOnp/rGOnp 1.0 11.58 ± 0.23 74.7 ± 1.5 81.3 ± 1.6
E/C/P/GOnp/rGOnp 1.3 11.62 ± 0.23 74.9 ± 1.5 81.5 ± 1.6
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the tensile strength, Young’s modulus, and elongation-at-
break of nanocomposites. As seen in Table 2, it is obvi-
ous that the mechanical properties of all EVA/PP-g-MA/
PPC nanocomposites are higher than those of the EVA/
PPC composites, and that the properties change with nano 
filler content. Table 2 shows that the tensile strength and 
Young’s modulus at the breakpoint of the EVA/PP-g-MA/
PPC/GO nanocomposite are greater than those of EVA/
PPC blend. All of the mechanical properties are enhanced 
up to 1.3 phr GOnp, and the elongation-at-break to 1.3 phr 
GOnp is enhanced over that of other EVA/PPC blends due 
to enhanced nanofiller/nanofiller interaction. The Young’s 
modulus values are enhanced from 3.61 MPa for the EVA/
PPC blend to 9.89 MPa for 1.3 phrof EVA/PP-g-MA/PPC 
nanocomposites. Strain hardening causes a sharp increase 
in tensile strength at the breaking point of the EVA/PP-g-
MA/PPC nanocomposites, which is simplified by increasing 
the hybrid rGOnp/GOnp, rGOnp, and GOnp content. The 
existence of covalent hydrogen bonding between carbonyl 
functional groups in EVA, PP-g-MA with carboxyl func-
tional group of graphene oxide, and PPC carbonyl functional 
groups with rGOnp/GOnp carboxyl functional group in the 
hard segment of EVA/PP-g-MA/PPC nanocomposites plays 
an important role in the increased mechanical behavior. It is 
due the load transfer from EVA/PP-g-MA/PPC nanocompos-
ites to the GOnp. It is found that elongation at break, tensile 
strength, and Young’s modulus are improved by the addition 
of rGOnp to EVA/PP-g-MA/PPC blends at the same nano-
filler content. Increasing the rGOnp content from phr 0.1 
phr to 1.3 phr reduced the elongation-at-break from 65.9 to 
62.8%. This decrease in elongation is due to the formation of 
the rGOnp network in EVA/PP-g-MA/PPC nanocomposites. 
However, it should be noted that the distribution of this net-
work in the continuous/soft segment is an important reason 
that makes the network completion require less nanofiller. 
For rGOnp nanofiller nanocomposites, increasing the con-
tent of nanofiller leads to an increase in Young’s modulus 
and strength-at-break. As can be seen in Table 2, the effect 
of adding rGOnp on enhancing the properties of EVA/PP-
g-MA/PPC is far greater than that of GOnp. The reason for 
this discrepancy may be related to the following two fac-
tors. The first is the effect of plasticization and increasing 
the free volume of GOnp, which will be discussed in detail 
below. When the sample is subjected to a tensile load, the 
amount of movement in soft segments is greater than that 
in hard segments, so the continuous phase causes the chain 
to move when stress is loaded. The second reason is the 
presence of rGOnp in the vicinity of the soft segment of 
EVA/PP-g-MA/PPC nanocomposite chains. Table 2 shows 
the results of EVA/PP-g-MA/PPC nanocomposites contain-
ing hybrid rGOnp/GOnp. Supplementary data for Table 2 
are available in the Supporting information (Table 2S). The 
increase in elongation at break, tensile strength, and Young’s 

modulus in nanocomposites containing hybrid nanofillers 
has more positive changes with the increase of nanofillers 
compared to nanocomposites containing simple nanofillers. 
It has already been stated that GOnp and rGOnp are attached 
to the soft and hard segments of the EVA/PP-g-MA/PPC 
chain, respectively, and that the reinforcing mechanism of 
each is unique. The rGOnp/GOnp hybrid showed the highest 
mechanical properties due to the synergistic effect between 
the two nanofillers. The addition of hybrid rGOnp/GOnp to 
EVA/PP-g-MA/PPC nanocomposites increased the irmodu-
lus from 7.16 for 0.1 phr of rGOnp/GOnpto11.62 for 1.3 phr 
of rGOnp/GOnp. Accordingly, the existence of rGOnp near 
GOnp increases the mechanical properties without com-
promising the high strain at break, however, the increase 
in elongation at break in simple blends is due to the sliding 
of GOnp and rGOnp layers on each other in hybrid com-
posites. In fact, in hybrid composites, the benefits of each 
of the GOnp and rGOnp nanoparticles are retained. At the 
same nanoparticle content, a nanocomposite containing a 
rGOnp/GOnp hybrid has more flexibility than nanocompos-
ites containing rGOnp and GOnp. Hence, hybrid rGOnp/
GOnp nanocomposites have greater mechanical properties 
compared to rGOnp and GOnp nanocomposites [59].

DMTA properties

Dynamic-mechanical thermal analysis (DMTA) is one of 
the most powerful tools for evaluating the dynamics of poly-
mer chains in the presence and absence of nanofillers. The 
loss factor (tanδ) and storage modulus of the neat EVA/PPC 
blend and its nanocomposites are shown in Fig. 6. For the 
sample without PP-g-MA compatibilizer (EVA/PPC), two 
separate peaks were observed at -34 °C and 38°C for EVA 
and PPC, respectively. However, with the addition of PP-g-
MA, a peak was seen, which is probably due to the compat-
ibility between the two incompatible polymers, EVA and 
PPC. The main reason for improving the EVA/PP-G-MA/
PPC nanocomposites by reducing temperature is reducing 
the mobility of polymer chain segments in the glassy region. 
As can be observed in Fig. 6, the storage modulus of EVA/
PP-g-MA/PPC/GOnp nanocomposites is higher than that 
of EVA/PPC blend and EVA/PP-g-MA/PPC. In fact, the 
presence of hydrogen bonding between the hard segments 
and the GOnp polar groups prevents the chains in the glass 
region from moving. A similar reason can be considered for 
increasing the storage modulus in the rubber region (25 °C) 
from 5.79  MPa for EVA/PPC blend and 5.93  MPa for 
EVA/PP-g-MA/PPC to 6.43,6.81, 7.25, 7.45,7.68, 7.83and 
7.99 MPa for EVA/PP-g-MA/PPC/GOnp composite con-
taining 0.1, 0.3, 0.5, 0.7, 1 and 1.3phr GOnp, respectively. 
Table 3 shows the changes in the storage module in both 
the rubbery and glassy regions. Noticeably, the integral of 
tanδ peak for all composites is less than that of the EVA/
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PPC blend. This indicates the correct interaction between the 
nanofiller and the polymer in the interfacial zone (Fig. 6b, 
d, and f). In fact, it can be said that in all nanocomposites, 
with increasing the content of rGOnp and GOnp, the storage 

modulus increases, which is more in rGOnp nanocompos-
ites than in GOnp nanocomposites (Table 3; Fig. 6c). This 
is due to the strong interaction between the soft segments 
and rGOnp. At room temperature, soft segments are in a 

Fig. 6   DMTA curves of EVA/PP-g-MA/PPC nanocomposites containing GOnp, rGOnp, and hybrid rGOnp/GOnp (0.1, 0.3, 0.5, 0.7, 1.0 and 1.3 phr)
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rubbery state and have high flexibility compared to hard 
segments due to their high entropy. It must be said that at 
the same nanofiller loading, the storage modulus of EVA/
PP-g-MA/PPC/GOnp nanocomposites is lower than that of 
EVA/PP-g-MA/PPC/rGOnp nanocomposites in the glassy 
and rubbery regions, because Gonp and rGOnp particles 
are located in the hard and soft segments, respectively. The 
tanδ curves of EVA/PP-g-MA/PPC nanocomposites com-
prising GOnp and rGOnp are illustrated in Fig. 6b and d, 
respectively. The maximum peak tanδ represents Tg,s (glass 
transition of soft segments), and the related data for GOnp 
and rGOnp nanocomposites are listed in Table 3. By adding 
GOnp to EVA/PPC blends, the Tg,s increased from − 34.2 
°C for EVA and 38.1 °C for PPC, and 38.3 °C for EVA/PP-
g-MA/PPC to 38.6, 39.2, 40.3, 41.1, 41.9, 42.8, and 43.6 °C 
for EVA/PP-g-MA/PPC/GOnp nanocomposites comprising 
0.1, 0.3, 0.5, 0.7, 1, and 1.3 phr GOnp, respectively. On 
the other hand, since rGOnp is located in soft segments, 
Tg,s increases with increasing rGOnp content in the EVA/
PP-g-MA/PPC blend. These results confirm the DSC tests 
and prove that in the presence of GOnp, the free volume of 
the soft segments is larger. As mentioned in the previous 
sections, here DMTA confirms the synergistic effect of the 
presence of two nanofillers in the nanocomposites. Thus, 
by limiting the movement of soft and hard segments that 
result from this phenomenon, the storage modulus in hybrid 
composites increases incredibly. For example, the storage 
modulus of EVA/PP-g-MA/PPC containing 1.3 phr hybrid 
rGOnp/GOnpis9.8 MPa for the glassy state and 5.8 MPa for 
the rubbery state, which is absolutely greater than that of 
the EVA/PPC blend containing rGOnp and GOnp (1.3 phr). 
Nevertheless, the more intense storage modulus is offered 
in hybrid composites, but the dissipation mechanisms are 
exactly controlled because of the plasticizing effect of GOnp 
and the reinforcing effect on rGOnp at the soft segment of 
EVA/PP-g-MA/PPC, simultaneously. Previous descrip-
tions can be confirmed using the Tg,s data of EVA/PP-g-
MA/PPC nanocomposites containing hybrid rGOnp/GOnp 

presented in Table 3. At the same nanofiller content, the 
order of Tg,s for nanocomposites containing nanofillers is 
as follows: rGOnp>rGOnp/GOnp>GOnp. As the rGOnp/
GOnp hybrid increases, the dissipation mechanics undergo 
a uniform upward trend due to the increase in the interfacial 
zone. However, it is interesting to note that the difference in 
the glass temperature measured by thermal and mechanical 
methods lies in their work basis, in fact, the first is based 
on changes in heat capacity and the second is based on the 
mechanical response of polymer chain segments [60].

Stress relaxation measurement

It has been shown that by measuring stress relaxation, a 
more complete understanding of the presence of rGOnp and 
GOnp in the dynamics of soft segments can be obtained. 
When a substance is exposed to a stress relaxation process 
in which two contrasting parts are recognizable: one part 
is the elastic part that stores energy in the material and the 
other part is the viscous part, which causes energy loss 
in the material by irreversible deformation of the chains. 
Thus, the more stress is reduced, the more permanent the 
deformation of the material [61]. Figure 7 shows the stress 
relaxation curves for EVA/PP-g-MA/PPC nanocomposites 
containing 0.1, 0.3, 0.5, 0.7, 1, and 1.3 phr of rGOnp, GOnp, 
and hybrid rGOnp/GOnp at a constant elongation of 70% at 
25 °C. The famous Kohlrausch equation was used to calcu-
late the relaxation time (τ) to fit the experimental results of 
the nanocomposite [62].

In this equation, β, σ∞, σ0, A, σ and t are the fitting 
parameters, remaining stress after infinitely long times, ini-
tial stress, fitting parameters, and stress during the time and 
time, respectively. Since this test is performed at high Tg,s, 
it is necessary that the relaxation time be by the dynamic of 
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Table 3   DMTA data of EVA/PP-g-MA/PPC nanocomposites containing hybrid rGOnp/GOnp (0.1, 0.3, 0.5, 0.7, 1.0 and 1.3 phr)

Samples Tg from E” [°C] Tg from tan δ [°C] Height of Tgpeak [-] Decrease in 
peak tan δ [-]

E’ at 25 °C [MPa]

E/P -33.67 ± 0.67 -31.96 ± 0.63 0.92 ± 0.01 0 5.91 ± 0.11
38.96 ± 0.77 36.88 ± 0.73 4.98 ± 0.09 0

E/C/P 40.15 ± 0.80 49.82 ± 0.99 4.66 ± 0.09 0.32 ± 0.00 5.97 ± 0.11
E/C/P/rGOnp/GOnp 0.1 44.06 ± 0.88 42.88 ± 0.85 3.81 ± 0.07 1.17 ± 0.02 7.21 ± 0.14
E/C/P/rGOnp/GOnp 0.3 45.08 ± 0.90 43.91 ± 0.87 2.86 ± 0.05 2.12 ± 0.04 8.02 ± 0.16
E/C/P/rGOnp/GOnp 0.5 46.12 ± 0.92 44.89 ± 0.89 2.43 ± 0.04 2.55 ± 0.05 8.33 ± 0.16
E/C/P/rGOnp/GOnp 0.7 47.02 ± 0.94 45.53 ± 0.91 2.11 ± 0.04 2.87 ± 0.06 8.65 ± 0.17
E/C/P/rGOnp/GOnp 1.0 48.16 ± 0.96 46.77 ± 0.93 1.79 ± 0.03 3.19 ± 0.06 9.36 ± 0.18
E/C/P/rGOnp/GOnp 1.3 49.01 ± 0.98 47.86 ± 0.95 1.58 ± 0.03 3.40 ± 0.06 9.66 ± 0.19
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Fig. 7   Stress relaxation curves 
for EVA/PP-g-MA/PPC nano-
composites containing: a GOnp, 
b rGOnp, and c hybrid rGOnp/
GOnp (0.1, 0.3, 0.5, 0.7, 1.0 and 
1.3 phr)
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the soft segment. Figure 8a shows the relaxation results for 
GOnp nanocomposites. According to this figure, the fast 
relaxation behavior under stress for the EVA/PPC and EVA/
PP-g-MA/PPC blends in this nanocomposite is observed. 
GOnp has been shown to increase free volume, and of 
course, rearrangement, movement, and chain orientation 
are responsible for this phenomenon. The fit between the 
theoretical and experimental values is acceptable, and Fig. 9 
shows the calculated relaxation times. EVA/PPC, EVA/PP-
g-MA/PPC, EVA/PP-g-MA/PPC/0.1, 0.3, 0.5, 0.7, 1, and 
1.3 phr GOnp nanocomposites have relaxation times of 6.3, 
6.2, 5.8, 5.3, 5.1, 4.8, 4.6, and 4.5 s, respectively, whereas 
the relaxation time of the nanofiller/free sample is greater 
than that of GOnp nanocomposites (7.1 s) [62]. It was found 
that the higher the amount of GOnp in the composite, the 
greater the free volume in the soft segments. Indeed, the 
relaxation share for rGOnp nanocomposites is greater than 
that for EVA/PPC blends and EVA/PP-g-MA/PPC (Fig. 7b). 
Figure 7(a–c). It should be noted that the increase in rGOnp 
content decreased the soft segment dynamics in EVA/PP-g-
MA/PPC/rGOnp. Since the concentration of rGOnp is high, 
the chemical reactions and physical interactions between the 
soft segments and rGOnp will be very high, and therefore 
such a decrease will be observed. The above descriptions 
can be confirmed by evaluating the EVA/PP-g-MA/PPC/
rGOnp relaxation times. The high engagement between 
rGOnp and the soft segments at the interfacial region has 
caused the relaxation time for 1.3 phr this nanoparticle to 
reach its highest value of ~ 11.4 s. By adding GOnp, the 
stress-relaxation process slows down as the number of hard 
segments is reduced, so the flexibility and increase in the 
length of the chain will increase and we will see a change in 
the microphase separation degree. In addition, the reduction 
in the slow stress relaxation process and the overall flexibil-
ity of the chain confirms the localization of rGOnp in the 

soft segment of the EVA/PP-g-MA/PPC nanocomposites. 
As seen in Fig. 8, the relaxation curves for hybrid rGOnp/
GOnp nanocomposites and rGOnp nanocomposites are the 
same. The reason for this can be attributed to the interac-
tions between rGOnp and soft segments, which again can be 
attributed to the creation of free volume through the pres-
ence of GOnp. As expected, the hybrid rGOnp/GOnp nano-
composites show greater and lesser relaxation times than 
GOnp and rGOnp nanocomposites at comparable nanofiller 
contents. Similarly, Fig. 8 shows that the relaxation time 
regularly increases from 8.2 s at 0.1 phr to 14.4 s at 1.3 phr 
for hybrid rGOnp/GOnp [61, 63].

Shape memory properties

The shape memory properties, including shape fixity and 
shape recovery, of EVA/PPC and rGOnp, GOnp, and hybrid 
rGOnp/GOnp nanocomposites were investigated by ther-
momechanical analysis, and their results are presented in 
Fig. 9. Figure 9a shows the changes in temperature, strain, 
and stress over time during shape memory programming 
for the EVA/PPC blend. It is well established that shape 
memory behavior is the ability of a polymer to temporarily 
maintain its shape over the long term. According to Fig. 9b, 
it can be concluded that the shape memory properties in 
polymer systems are due to the effects of two phases. An 
unstable phase is related to the transition temperatures of 
soft segments in the EVA/PPC blend (Tg,s), and a crystal-
line phase (physical net points) that has a fixed role in the 
EVA/PPC blend and is often related to hard segments. By 
heating the EVA/PPC blend and EVA/PP-g-MA/PPC nano-
composites close to Tg, a reversible phase transition was 
observed. For the sample to release stress and the frozen 
soft chains to return to their original random conforma-
tion, it is necessary to apply a stimulus field (heat) in the 
frozen state. In the meantime, fixity and shape recovery 
are ascribed to the free volume, crystallinity of soft seg-
ments, physical and chemical interactions, and dynamics 
in polymer composites. The hard and soft segments in the 
polymer composites are related to the transition between 
the reversible and the fixed phases. As Fig. 10 shows, the 
presence of GOnp has a strong effect on the shape stability 
of the EVA/PPC blend. With increasing the GOnp content 
from 0 to 1.3 phr, the shape fixity percentage increased 
from 93.8% for the EVA/PPC blend to 99.1% for EVA/PP-
g-MA/PPC/GOnp due to an increase in the crystalline state. 
Contradictory findings have been reported for the shape 
fixity values of nanocomposites. In EVA/PP-g-MA/PPC/
rGOnp nanocomposites, with increasing rGOnp content, a 
slight decrease is observed uniformly in the shape fixity 
values. Since rGOnp is present in the soft phase and causes 
even weaker programming in the EVA/PPC blend, there 

Fig. 8   Relaxation time of EVA/PP-g-MA/PPC nanocomposites con-
taining GOnp, rGOnp, and hybrid rGOnp/GOnp (0.1, 0.3, 0.5, 0.7, 
1.0 and 1.3 phr)
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is no doubt that the difference in the shape fixity value is 
primarily due to the chain mobility of the soft parts under 
the programming process. In this research work, the lower 
the GOnp content, the higher the interfacial region and the 
interaction between the nanofiller and the polymer, and 
therefore the shape fixity decreased. In the following, you 

will see how the introduction of the rGOnp/GOnp hybrid 
nanofiller increased the shape fixity of hybrid nanocompos-
ites. As rGOnp/GOnp content increased, the shape fixity 
value increased uniformly until it reached its best value of 
99.4 at 1.3 phr. This can be attributed to the dynamics of 
the optimal chains in the simultaneous presence of rGOnp 

Fig. 9   a Shape memory behavior: strain-temperature, stress-temperature, and time-temperature changes, b Schematic of possible shape memory 
mechanism of EVA/PP-g-MA/PPC blend
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and GOnp because each nanofiller can play its role. The 
shape recovery of EVA/PP-g-MA/PPC nanocomposites 
showed an outstanding enhancement with the incorpora-
tion of hybrid rGOnp/GOnp, rGOnp, and GOnp, as can 
be seen in Fig. 10b. As mentioned earlier, shape memory 
polymer composites must have a reversible phase (soft) and 
a fixed rigid phase (hard segments), so it is necessary to 
provide two reasons for the quality of the shape memory 
behavior: the entropy of the soft segments and the modulus 
of the hard segments. For the EVA/PPC chains to become 
permanent, they need to be reheated, and thus the entropic 

driving force performs the shape recovery process. The 
shape recovery process results from two phenomena: the 
entropic energy of the polymer and elastic modulus chains 
at low temperatures. As Fig. 10b shows about shape recov-
ery results, the shape recovery process is better derived 
from higher elastic modulus values. Yan et al. [64] and 
Xiang et al. [65] had previously shown the importance of 
the elastic modulus (the temperature below and above the 
trigger temperature) and found that the higher the elastic 
modulus, the higher the shape recovery efficiency. As 
shown in Fig. 10b; Table 3, the shape recovery value and 

Fig. 10   a shape fixity, and 
b shape recovery of EVA/PP-
g-MA/PPC nanocomposites 
containing GOnp, rGOnp, and 
hybrid rGOnp/GOnp (0.1, 0.3, 
0.5, 0.7, 1.0 and 1.3 phr)
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elastic modulus of EVA/PP-g-MA/PPC nanocomposites 
(at a fixed nanofiller content) in the rubbery and glassy 
regions increased from GOnp to rGOnp and rGOnp/GOnp, 
respectively, and this increase is also greatly enhanced by 
increasing the nanofiller content. The simultaneous use of 
two nanofillers has increased the stiffness and elasticity of 
nanocomposites; thus, this synergic effect has developed 
to shape the recovery process. Since the mechanical prop-
erty is excellent, the energy storage in the temporary state 
will be greater, and therefore the shape recovery in hybrid 
rGOnp/GOnp and simple GOnp and rGOnp nanocompos-
ites will be greater. As a result, the most appropriate shape 
memory features are compatible with rGOnp/GOnp (1.3 
phr), which contains 97.8% shape recovery and 99.3% shape 
fixity. In the similar work, Panahi-Sarmad et al. [46], used 
GO, rGO and noncovalent-factionalized graphene with 
(polyamine-anchored)-perylene-bisimide (XGO) in a elas-
tomer composite and studied its shape memory properties. 
They found that the shape memory recovery could increase 
from 86.2 to 93.4%, however, in the present study the shape 
recovery increased more efficiently (up to 99.3%).

Conclusions

This research was dedicated to the study of the properties 
of heat-stimulated shape memory of rGOnp, GOnp, and 
hybrid rGOnp/GOnp incorporating EVA/PP-g-MA/PPC 
nanocomposites. Experimental results obtained by various 
tests showed that nanofillers added to EVA/PP-G-MA/PPC 
were arranged both in hard and soft regions. The modu-
lus and breaking stress of prepared nanocomposites were 
higher than the modulus and breaking stress of the EVA/
PPC blend, and the highest properties were obtained for a 
hybrid nanocomposite containing 1.3 phr rGOnp/GOnp. The 
shape memory properties are largely a function of the three 
parameters of nanofiller content, crystallinity, and nanofiller 
localization. It was found that a strong correlation between 
microstructure and final properties of EVA/PPC blend and 
nanocomposite samples can be confirmed by their thermo-
mechanical behavior in three different nanofiller states. In 
(rGOnp/GOnp)/EVA/PP-g-MA/PPC nanocomposite shape 
recovery and fixity could reach 97%. The strong dependence 
of the phase separation to GOnp as a function nanofiller con-
tent could be observed. A very amazing improvement in the 
heat properties of the samples showed that the distribution of 
nanoparticles in the matrix was very good, which indicates 
the synergy effect of rGOnp and GOnp. In this research, we 
were able to reconcile the mechanical and shape proper-
ties of EVA/PP-g-MA/PPC nanocomposites simply by con-
trolling the microstructure. Finally, the best shape memory 
specifications for hybrid nanocomposites were obtained: 
98.7% shape fixity and 95.9% shape recovery.
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