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Abstract 
The composites of polylactic acid/glycidyl methacrylate of grafted ethylene–vinyl acetate copolymer/ethylene–vinyl acetate 
copolymer/carbon nanotubes (PLA/EVA-g-GMA/EVA/CNTs) were prepared by melt-blended. The effects of CNTs on the 
interfacial morphological evolution and dielectric properties of the PLA/EVA-g-GMA/EVA composites were investigated. 
The introduction of CNTs reduced the reaction efficiency of epoxy groups in EVA-g-GMA with terminal hydroxyl and 
terminal carboxyl groups of the PLA, which resulted in a decrease in the mechanical properties of the materials slightly. In 
addition, the introduction of CNTs as a solid filler which limited the movement of PLA segment thus caused the PLA crystal 
to grow slowly, which reduced the crystallization ability of the PLA, but improved the thermal stability of the composite 
material. Most importantly, the introduction of CNTs obviously improved the dielectric properties of the composites. Only 
1% CNTs need to be added, and the dielectric constant of composites was increased from 5.81 to 11.08; at the same time, 
the tensile strength and elongation at break can reach 42.7 MPa and 70.5%, respectively. The material has both electrical 
properties and good balance of stiffness and toughness. This work offers an innovative methodology for facilely and massively 
creating high-performance multi-component PLA composites which can expand the application of PLA-based biodegradable 
materials in micron storage capacitors, integrated circuits, and other electronic fields.
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1 Introduction

Polymer materials are considered to be ideal carriers for the 
preparation of flexible dielectric materials due to their low 
dielectric loss, easy processing, and good flexibility [1–5]. 
However, the lower dielectric constant and higher dielectric 
loss of polymer materials limit their applications in electronic 
fields such as miniature storage capacitors and integrated cir-
cuits [6–8]. Currently, there are two methods for preparing 
polymer dielectric materials with high dielectric constant. 
One is to modify the polymer backbone by introducing high 
polar functional groups with weakly dipole-coupled or by 
introducing macromolecular structures into the polymer 
backbone to enhance the dielectric properties and energy 
storage capacity of the polymer dielectric by inhibiting 
dipole–dipole interactions [9–11]. In this approach, although 
the dielectric polymer with a higher dielectric constant and 
a higher energy storage capacity is obtained, the new type of 
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dielectric polymer prepared requires a complicated organic 
synthesis and manufacturing process, which is difficult to 
achieve large-scale manufacturing of polymers [11].

In comparison, the introduction of conductive nanopar-
ticles into the polymer matrix by melt blending to prepare 
dielectric nanomaterials is a very promising method that 
not only combines the relatively high dielectric constant of 
conductive nanoparticles and breakdown strength but also 
combines the flexibility and ease of processing of polymer 
materials [12, 13]. For example, Yuan et al. prepared high 
dielectric constant polymer-based nanocomposites with 
a dielectric constant of 3800 by introducing carbon nano-
tubes (CNTs) into the PVDF matrix by melt blending [14]. 
Amelie et al. prepared polypropylene-CNTs nanocomposites 
with porous structures by melt blending and physical foam-
ing [15]. This preparation method increased the dielectric 
constant of the nanocomposites by an order of magnitude.

However, in most studies on polymer dielectric compos-
ites, non-biodegradable petroleum-based polymers are used as 
substrates to prepare polymer dielectric composites [16–19]. 
This not only causes the waste of petroleum resources but 
also seriously threatens the ecological environment of human 
life [20, 21]. In this context, biodegradable polylactic acid 
(PLA) derived from renewable resources instead of traditional 
petroleum-based polymers as the preparation of composite 
materials with excellent dielectric properties has attracted 
widespread attention. For example, Giovanni et al. investi-
gated the effect of carbonaceous particles such as CNTs and 
graphene nanosheets (GNPs) on the dielectric properties of 
PLA composites by filling them with PLA. They found that 
when 12 wt% CNTs were introduced, the relative dielectric 
constant of PLA composites reached 5.35 ×  103 [22]. Wu et al. 
prepared PLA/CNTs@TiO2 nanocomposites with preferably 
dielectric properties by introducing CNTs@TiO2 into PLA 
[23]. These studies indicate that the introduction of CNTs can 
improve the dielectric properties of PLA.

In addition, long-term studies have found that the per-
colation threshold in polymer matrix decreases with the 
increase of filler particle aspect ratio, especially for rod-like 
conductive nanoparticles, whose higher aspect ratio is the 
best filler for preparing dielectric nano-polymer materials 
[3, 24]. Therefore, CNTs fillers with high aspect ratio, high 
surface area, and unique electrical, thermal, and mechani-
cal properties have received a lot of extensive attention in 
charge storage or capacitor applications [25–28]. In par-
ticular, blending CNTs with polymers is one of the main 
methods for preparing polymer dielectric materials [29, 30]. 
Among them, CNTs dispersed in the polymer matrix can act 
as the electrode of nanocapacitors, resulting in a significant 
increase in space charge polarization. Moreover, the high 
conductivity of CNTs increases the interfacial polarization 
between CNTs and the polymer interfacial layer. Its high 
specific surface area can improve the interface polarization 

density [31–33]. Therefore, one-dimensional fillers such as 
CNTs are better suited for enhancing the dielectric prop-
erties of biodegradable polymer materials [22]. However, 
because of the complex dispersion behavior of CNTs in the 
polymer matrix and the limitation of inherent brittleness of 
PLA, it is difficult to prepare dielectric composites with high 
performance after blending CNTs. Therefore, while achiev-
ing excellent dielectric properties of PLA/CNTs compos-
ites, blending modification is usually required to toughen the 
PLA composites. Current studies have found that blending 
with polyester elastomers with better flexibility is one of 
the most efficient ways to enhance the toughness of PLA 
[34–37]. Among them, ethylene–vinyl acetate copolymer 
(EVA) can regulate its compatibility with PLA by control-
ling the content of VA in the molecular chain and improv-
ing the toughness of PLA substrate [38–41]. However, the 
effect of simply increasing VA content in EVA to improve 
interface compatibility between EVA and PLA has limited 
effect, and when inorganic filler is introduced into PLA/EVA 
blend system, the dispersion state of filler in the matrix is 
poor, and it is difficult to achieve high performance of PLA/
EVA. Previous studies of our research group showed that 
glycidyl methacrylate (GMA) and its copolymer containing 
epoxy groups could improve the interface compatibility of 
PLA blends through the carboxy-terminated and hydroxy-
terminated reactions between epoxy groups and PLA, and 
also regulate the dispersion of inorganic fillers such as CNTs 
in PLA matrix. The preparation of super-tough PLA com-
posite was realized [30, 42, 43].

In this study, CNTs were introduced into PLA and EVA 
blends, and glycidyl methacrylate grafted ethylene–vinyl 
acetate copolymer (EVA-g-GMA) was used as the interfacial 
compatibilizer of PLA/EVA blends to enhance the inter-
facial compatibility between PLA and EVA, which could 
improve the toughness of PLA/EVA blends. The controllable 
dispersion of CNTs was induced and the dielectric properties 
of polylactic acid composites were improved. The effects of 
CNTs on PLA/EVA-g-GMA/EVA composites condensed 
structure, microstructure evolution, machining properties, 
mechanical properties, thermal stability, and dielectric prop-
erties were studied respectively, and the influence mecha-
nism of CNTs on microstructure evolution and macroscopic 
properties was clarified.

2  Experimental section

2.1  Materials

Polylactic acid (PLA, 4032D) with a number average molecular 
weight of 120 kg/mol, a poly-dispersity index (PDI) of 1.78, was 
purchased from Nature works Co. Ltd., USA. Ethylene–vinyl 
acetate copolymer (EVA, 42–60, VA content: > 41 wt%) was 
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purchased from Arkema Co. Ltd., France. Glycidyl methacrylate 
grafted ethylene–vinyl acetate copolymer (EVA-g-GMA) with 
the grafted rate of 1.4 ~ 2.0% was obtained from Arkema Co. 
Ltd., France. Carbon nanotubes (CNTs) without any further 
treatment were obtained from Nanjing XFNANO Materials 
Tech Co. Ltd., China.

2.2  Sample preparation

The completely dried PLA, EVA, EVA-g-GMA, and CNTs 
were added to the torque rheometer (RM-200C) at 180 °C 
according to the ratio in Table 1. The torque change was 
observed during the blending process, and the blending was 
continued for 6 min after the torque was balanced. The sam-
ples were compressed by a hot-pressing machine (XH-406, 
Dongguan Xihua Machinery Technology Co. Ltd., China). 
The process parameters of temperature and pressure for hot-
pressing machine were 180 °C and 10 MPa.

2.3  Characterization

The torque variation of PLA/EVA composites during the 
processing was recorded by the torque rheometer (RM-
200C, Harp, China). Thermogravimetric analysis of the 
samples was tested on thermal analyzer equipment (TA-
Q500, TA Instruments) at a heating rate of 10 °C/min and 
in a nitrogen atmosphere. The non-isothermal crystalliza-
tion properties of PLA/EVA composites were investigated 
by a differential scanning calorimeter (TA-Q2000, TA 
Instruments). The mass of the sample was approximately 
5–10 mg in an aluminum crucible. All samples were tested 
under the condition of a nitrogen purge rate of 50 mL/min. 
The first stage was the heating process, and all the samples 
were heated from 25 to 200 °C at a heating rate of 10 °C/
min and held for 300 s to eliminate the thermal history. The 
second stage was the cooling process, and all the samples 
were then cooled down to − 60 °C at a constant rate of 10 °C/
min. The third stage was the second heating process, the 
sample was heated from − 60 to 200 °C at a heating rate of 
10 °C/min. The phase morphologies of PLA/EVA compos-
ites were observed by a tungsten filament scanning electron 
microscope (JSM-6490LV, Japan Electronics Manufactur-
ing Co. Ltd.) and the dispersion states of CNTs in the PLA/
EVA composites were investigated by a cold field emission 

scanning electron microscope (SU8020, Japan Hitachi Com-
pany). All the samples were frozen in liquid nitrogen for 
5 min and then brittle fractured. The phase morphologies 
in the blends of the cryofracture surface and the dispersion 
state of CNTs in the PLA/EVA composites were character-
ized at the condition of 15 kV and 5 kV accelerating voltage.

The mechanical properties of PLA/EVA composite mate-
rials were investigated by a microcomputer-controlled elec-
tronic universal testing machine (CMT4304, MTS Industrial 
Systems Co. Ltd.). The tensile specimens of a dumbbell 
shape were tested by a universal testing machine with a cross-
head speed of 5 mm/min according to the ISO 527 standard.

The dielectric properties of the composite materials were 
tested by the E4980A LCR dielectric measuring instrument 
(Agilent Technologies Co. Ltd., USA). Dielectric test samples 
were molded with a plate vulcanizer to mold a square sample 
of 40 mm × 40 mm × 0.3 mm. Before the test, a layer of silver 
paste with a diameter of 10 mm was uniformly coated in the 
middle of the sample to form a silver electrode. The dielectric 
performance test was carried out at room temperature and the 
measurement was performed in the frequency range of 20 Hz 
to 2 MHz.

3  Results and discussion

3.1  Processing properties

The torque-time curves of PLA/EVA composites with dif-
ferent contents of CNTs are presented in Fig. 1. As we all 
know, the melt torque is an important parameter for evalu-
ating the melt viscosity and the interaction between melt 
during polymer processing. As shown in Fig. 1, the final 
equilibrium torque of the PLA/EVA material was 8.3 N.m. 
The trend of the final equilibrium torque of the composite 

Table 1  Composition of the prepared PLA/EVA composites

Sample PLA/g EVA/g EVA-g-GMA/g CNTs/g

PLA/EVA 44.32 4.93 0.75 0
PLA/EVA/0.5CNTs 44.1 4.9 0.746 0.25
PLA/EVA/1.0CNTs 43.88 4.88 0.743 0.5
PLA/EVA/1.5CNTs 43.66 4.85 0.74 0.75
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Fig. 1  The torque versus time during the melting blending for PLA/
EVA composites
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material in Fig. 1 shows a decrease as the CNTs are incor-
porated. This is mainly due to the existence of CNTs that 
reduced the reaction probability between the epoxy group 
in EVA-g-GMA and the PLA terminal hydroxyl or terminal 
carboxyl group, which leads to a decrease in the degree of 
cross-linking, resulting in a decrease in the compatibility 
of PLA and EVA. As the content of CNTs increases, the 
equilibrium torque of the composites gradually increases, 
as illustrated in the enlarged view in Fig. 1. This is because 
CNTs are hard materials, and incorporating them into poly-
mer materials will increase the viscosity of the system [44]. 
At the same time, the presence of CNTs can promote the 
physical crosslinking of the PLA/EVA blend system, result-
ing in an elevated system viscosity and increased torque.

3.2  Thermal property

3.2.1  Thermal stability

The effects of CNTs content on the thermal degradation of 
PLA/EVA composites were investigated by thermogravimet-
ric analysis (TGA). The TGA and DTG curves for PLA/EVA/
CNTs composites are shown in Fig. 2. The TGA data, including 
the initial decomposition temperature (T5%), the temperature 
of maximum decomposition rate of PLA (Tmax PLA), and the 
temperature of maximum decomposition rate of EVA (Tmax EVA) 
of all PLA/EVA composites are presented in Table 2. All the 
samples underwent a two-step thermal decomposition behavior, 
corresponding to the thermal degradation of PLA and EVA 
chains, respectively. The weight loss within 300 ~ 380 °C is 
mainly contributed by the thermal decomposition of PLA, and 
part of the contribution of thermal weight loss comes from the 
removal of acetic acid in EVA, forming C = C double bonds 
along the polymer backbone. When the temperature exceeds 
380 °C, the weight loss is mainly caused by the EVA main 
chain, breaking into various hydrocarbon volatilization [45]. 
It shows that PLA degrades earlier than EVA as shown in the 
enlarged view in Fig. 2a, indicating that PLA has poor ther-
mal stability compared with EVA. Based on the results shown 
in Table 2, the PLA/EVA blend without CNTs has a thermal 

decomposition temperature (T5%) of only 321.9 °C at 5 wt% 
mass loss, which is the worst thermal stability. Compared with 
that of the PLA/EVA material, the thermal stability of the com-
posites incorporated with nanofiller CNTs is further improved. 
In particular, the T5% of the PLA/EVA/CNTs composites was 
elevated, therefore the thermal stability of the PLA/EVA/CNTs 
composite was significantly improved. The above phenomenon 
shows that the introduction of CNTs improves the thermal sta-
bility of PLA/EVA composites. This increase in the initial ther-
mal decomposition temperature was mainly due to the fact that 
CNTs prevent the movement of polymer segments and increase 
the difficulty of the arrangement of polymer segments [46].

The DTG curves (Fig. 2b) were obtained by temperature 
derivation of TG curves, and the effects of CNTs on the PLA 
and EVA phases were studied. The peak near 350 °C repre-
sents the decomposition of the PLA phase and the peak near 
450 °C represents the break of the EVA backbone. With the 
increase of CNTs content, the peak value corresponding to 
the maximum decomposition rate gradually moves towards 
high temperature. By comparing with Tmax PLA in the com-
posites, it was found that the Tmax PLA of PLA/EVA material 
without CNTs was the highest, and the Tmax PLA decreased 
with the increase of CNTs content. This is due to the physical 
barrier effect of CNTs, and the homogeneous dispersion of 
CNTs will prevent the migration of the decomposition prod-
ucts in the composites, reduce the occurrence of autocatalytic 
degradation, and finally hinder the thermal degradation of 
PLA/EVA composites, which improve the thermal stability 
of the composite [47]. The thermal stability of EVA phase 
was decreased and the decomposition of EVA phase was 

Fig. 2  a TGA curves and b 
DTG curves of PLA/EVA com-
posites under nitrogen

Table 2  Thermal stability parameters of PLA/EVA composites

Sample T5% (°C) Tmax PLA (°C) Tmax EVA (°C)

PLA/EVA 321.9 350.5 454.5
PLA/EVA/0.5CNTs 322.1 356.8 447.8
PLA/EVA/1.0CNTs 323.3 357.5 450.1
PLA/EVA/1.5CNTs 324.2 359.1 450.1
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advanced by introducing CNTs into EVA phase as shown in 
the enlarged view in Fig. 2b.

3.2.2  Melting and crystalline behavior

The effect of CNTs on the melting and crystallization behav-
ior of PLA/EVA composites was researched by DSC. The 
DSC curves of PLA/EVA/CNTs composites are presented 
in Fig. 3, and the crystallization kinetic parameters of PLA/
EVA composites are summarized in Table S1. The DSC 
cooling curve for PLA and PLA/EVA composites in Fig. 3a 
is very smooth. The results show that the melt of PLA is 
more difficult to crystallize than the cold crystallization of 
PLA during heating up. However, due to the limited crystal-
lization space of EVA, two indistinct restricted crystalliza-
tion peaks appear at around 40 °C and 5 °C, respectively 
[48]. Meanwhile, with the increase of CNTs content, the 
crystallization peak of EVA moved to the direction of low 
temperature, and the crystallization enthalpy is also sig-
nificantly reduced, which is because the addition of CNTs 
reduces the phase size of EVA, so that the restricted crystal 
of EVA is more obvious.

The second melting scan curves of PLA/EVA/CNTs com-
posites are shown in Fig. 3b. The glass transition temperature 
(Tg) of PLA/EVA blends without CNTs is 60.5 °C (Table S1). 
With the increase of CNTs content, the Tg of PLA is increased 
slightly, which is mainly caused by the restriction of the move-
ment of PLA chain segments by CNTs. For PLA/EVA/CNTs 
composites, with the increase of CNTs content, the value 
of cold crystallization temperature (Tcc) is decreased from 
111.9 to 109.4 °C, while the value of crystallinity (χc) is also 
reduced. The decreased Tcc is due to the nucleation of CNTs. 
However, the crystallization at lower temperature will lead to 
the formation of some imperfect crystals, which in turn will 
act as the cross-links between the macromolecular chains; 
therefore, the chain mobility and the ability of further crystal-
lization of the chain are further reduced, which leads to the 
decrease of the crystallinity of the composites.

The melt peaks and melting points of the PLA/EVA com-
posites were observed, and all PLA/EVA composites showed 
a typical double melt-peak, which is because of the melting-
recrystallization-remelting processes of the PLA component 
[49]. Specifically, the imperfect crystal caused by cold crys-
tallization partially melts during heating, and the unmelted 
part can be acted as the nucleation site of PLA, which pro-
motes the recrystallization of PLA. So, the crystals formed 
during recrystallization has a thicker wafer and a perfect 
crystal structure, which require higher temperatures to melt, 
resulting in a double melting peak. In addition, the melt peak 
at low temperatures is observed to gradually decrease as the 
CNTs content increases, due to the entanglement of PLA 
chains caused by CNTs and the incomplete crystals formed 
during cold crystallization which reduces the chain migra-
tion rate of PLA. This causes the incomplete crystal growth 
formed during the cold crystallization to slowly and lead to 
the decrease of melting peaks.

3.3  Morphological analysis

The morphologies of the cryofracture surfaces of the PLA/
EVA composites were observed by SEM, and the evolution 
of the phase morphology of the PLA/EVA composites by 
the content of CNTs was studied. Figure 4 shows the micro-
graphs of the cryofracture surfaces of the PLA/EVA/CNTs 
composites with 0, 0.5, 1, and 1.5 wt% CNTs. According to 
the micrographs, the PLA/EVA blend without CNTs exhibits 
a typical sea-island structure. PLA serves as a continuous 
phase, and EVA as the dispersed phase presents a regular 
spherical shape of different sizes, which closely adheres to 
PLA. This indicates a good interfacial adhesion from PLA 
and EVA, which might be related to the lower viscosity of 
the PLA phase. The lower viscosity increases the possibil-
ity and ease of aggregation of EVA in PLA-rich samples 
[50]. The particle size of EVA dispersed phase is gradually 
decreased significantly with the addition of CNTs and gradu-
ally deformed from a regular spherical shape to an irregular 

Fig. 3  DSC curves of PLA/EVA 
composites; a cooling curve, 
and b heating curve
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shape. This phenomenon might be due to the increase in the 
viscosity of the system caused by the introduction of CNTs, 
and the change in the viscosity ratio of the blend components 
is also one of the reasons for the change in the phase mor-
phology of the composites. The EVA phase and PLA phase of 
PLA/EVA composites have gaps with the increase of CNTs 
content. This is because the introduction of CNTs reduces the 
reaction efficiency of the epoxy group in the compatibilizer 
EVA-g-GMA with PLA, so the interfacial adhesion between 
PLA phase and EVA phase is reduced, which results in a 
reduction in the mechanical properties of composites.

3.4  Mechanical properties

Figure  5 shows the mechanical properties of PLA/EVA/
CNTs composites with different contents of CNTs. The tensile 

stress-strain curves of the PLA/EVA composites are shown in 
Fig. 5a. The tensile strength and the elongation at break of the 
PLA/EVA/CNTs composites are summarized in Fig. 5b. The 
PLA/EVA blends material demonstrates the highest mechanical 
properties, and its tensile strength and elongation at break reach 
53.4 MPa and 255.8%, respectively. The mechanical properties of 
the PLA/EVA composites are degraded gradually with the addi-
tion of CNTs. Although both the tensile strength and elongation 
at break are decreased after the introduction of CNTs, PLA/EVA/
CNTs composites at different scales have a good rigid balance. 
In order to better describe the effect mechanism of  CNTs on the 
mechanical properties of PLA/EVA/CNTs composites, Fig. 6 
shows the SEM images of the tensile fractured surface of PLA/
EVA composites. All composites show the fibrous tensile frac-
ture surfaces of typical toughness fractures, which indicates that 
the composites have a good toughness when CNTs are added.

Fig. 4  SEM images of the cryo-
fracture surfaces of the PLA/
EVA composites

Fig. 5  a Stress–strain curve 
and b mechanical parameters of 
PLA/EVA composites
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3.5  Dielectric properties

Figure 7 shows the relationship between (a) dielectric constant 
(ε') and (b) dielectric loss tangent (tan δ) of PLA/EVA com-
posites with different contents of CNTs at 30 °C (the com-
posite material of PLA/EVA/1.5CNTs is not shown in the 
figure due to the high tan δ). After the introduction of CNTs, 
the ε' of the composites is increased significantly, especially 
when 1% CNTs is introduced, the ε' of PLA/EVA/1.0CNTs 
composites is increased to 11.08, which is twice that of PLA/

EVA blends. As the content of CNTs increases, the ε' of PLA/
EVA composites is gradually increased. The reason for this 
phenomenon may be that in the composite material, the adja-
cent CNTs are used as the electrode and the polymer between 
the adjacent carbon tubes is used as the dielectric to assemble 
the micro capacitor, greatly increase the local electric field 
intensity and effectively increase the interface polarization, 
which result to the increase of ε' [51].

In Fig. 7b, the variation of tan δ is the same as ε', and the 
lowest tan δ of PLA/EVA blends is 0.009 at 100 Hz. After 

Fig. 6  SEM micrographs for 
the tensile fractured surfaces of 
PLA/EVA composite

Fig. 7  Frequency dependence of a ε' and b tan δ for the PLA/EVA composites
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the introduction of CNTs, the tan δ of PLA/EVA/CNTs 
composites is significantly increased, especially when the 
content of CNTs is 1 wt%, the tan δ of PLA/EVA/1.0CNTs 
is 0.084 at 100 Hz. As we all know, the interface bonding 
force between PLA and EVA is reduced with the introduc-
tion of CNTs (Fig. 4), which causes an increase in the inter-
face defects and leakage current, and ultimately results in 
an increase in tan δ [52]. Combining with the mechanical 
properties, it can be found that PLA/EVA/1.0CNTs compos-
ites have high dielectric properties, but still maintain better 
mechanical properties than PLA and have potential applica-
tion value in dielectric materials.

3.6  Interface evolution mechanism

Figure 8 shows the schematic illustration of the mecha-
nisms of microstructure evolution for PLA/EVA/CNTs 
composites. In the PLA/EVA blends without CNTs, the 
EVA-g-GMA is wrapped on the surface of the EVA phase, 
and the terminal hydroxyl group of the PLA is chemically 
reacted between the epoxy group of the EVA-g-GMA, 
resulting in a micro-crosslinking structure, which improved 
the interfacial interaction between PLA phase and EVA 
phase and enhanced the interface bonding force. With the 
introduction of CNTs, the structure and properties of PLA/
EVA composites have changed significantly. The evolu-
tion behavior of CNTs on the microstructure of PLA/EVA 

composites is related to the distribution of CNTs in PLA 
phase and EVA phase. Due to the better affinity between 
CNTs and EVA, CNTs tend to migrate to the EVA phase 
first. As shown in Fig. 4, the particle size of EVA dispersed 
phase was gradually decreased with the addition of CNTs 
and gradually deformed from a regular spherical shape to 
an irregular shape, which indicated that CNTs affected the 
interface morphology of EVA. At the same time, the gap 
between EVA phase and PLA phase appeared in PLA/EVA 
composite material with the increased of CNTs content, 
because of the introduction of CNTs reduced the reaction 
efficiency of the epoxy group in the EVA-g-GMA with 
PLA, and decreased the interface adhesion between PLA 
phase and EVA phase, which resulted in the deterioration 
of material performance. Also, as shown in Fig. 6 with 
the introduction of CNTs, the fibers in the tensile section 
gradually got shorter and coarser, and a large number of 
undeformed EVA phases appeared at the fiber bottom, and 
the degree of interface peeling increased. Therefore, the 
CNTs preferentially migrated to the EVA phase with the 
introduction of CNTs. As the content of CNTs increased 
and the effected of shear force in the blending process, 
some CNTs migrated to the phase interface between PLA 
and EVA, while reduced the EVA-g-GMA interface reac-
tion efficiency, but improved the interface polarization 
degree of PLA and EVA, and the dielectric properties of 
PLA/EVA composites were improved [53, 54].

Fig. 8  Schematic illustration of the mechanisms of microstructure evolution for PLA/EVA/CNTs composites
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4  Conclusions

The CNTs were introduced into the PLA/EVA blend system 
by the melt-blended, and the composites with high dielectric 
properties and excellent stiffness toughness balance were 
prepared. The effects of CNTs on the interfacial structure 
evolution behavior and performance of the PLA/EVA/CNTs 
nanocomposites were investigated. CNTs improved the ther-
mal stability of the PLA/EVA composites and reduced the 
crystallization capability of the PLA. When the CNTs con-
tent reached 1.5 wt%, the thermal decomposition tempera-
ture of PLA was increased from 350.5 to 359.1 °C, and the 
crystallinity was decreased from 3.1 to 1.3%. The presence 
of CNTs reduced the probability of reaction between the 
epoxy groups in EVA-g-GMA and the terminal hydroxyl or 
end carboxy group in PLA, while the presence of CNTs led 
to an increase in interface defects, so that the mechanical 
properties of the material were decreased, but all proportions 
of PLA/EVA composites had a good balance of rigidity and 
toughness. In particular, after the introduction of CNTs, the 
polarization degree of PLA phase and EVA phase was effec-
tively improved, and the dielectric constant of PLA/EVA 
composites was significantly improved. Especially, when 
the content of CNTs was 1 wt%, the dielectric constant was 
increased to 11.08, the tensile strength of the material was 
42.7 MPa, and the elongation at break was maintained at 
70.5%, which can be used to manufacture key components of 
electronic and electrical equipment such as supercapacitors 
and polymer batteries.
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