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Abstract In this study, we have prepared a series of novel
biodegradable polymer [polylactide (PLA)]-based nano-
composites using graphite nanosheets (GNs) and multi-
walled carbon nanotubes (MWCNTSs) by solution-blending
technique and investigated their morphologies, structures,
thermal stabilities, mechanical and dielectric properties, and
electrical and thermal conductivities. Before preparation of
the PLA/GNs/MWCNTSs nanocomposites, the raw GNs used
were endured a rapid expansion by thermal treatment.
Temperature of this treatment had some obvious impacts on
morphological changes of graphite nanosheets which were
verified by means of scanning electron microscope (SEM)
and X-ray diffraction (XRD) techniques. Resultant nano-
composites were characterized and evaluated by means of
SEM, XRD, thermal conductivity measurements, tensile and
impact tests, thermogravimetric analysis and dielectric
measurements. Results obtained in this study indicated that
thermal-expanded GNss in the presence of MWCNTs facili-
tate the formation of an appropriate conductive network in
PLA matrix which resulted in a relatively low percolation
threshold for thermal and electrical conductions of PLA/
GNs/MWCNTs nanocomposites. Significant improvements
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in thermal and electrical conductivities, thermal stability and
mechanical properties of PLA/GNs/MWCNTSs nanocom-
posites obtained through the presence of both nanoparticles
in PLA matrix were associated with their good co-dispersion
and co-reinforcement effects. The macroscopic properties of
nanocomposites were found to be strongly dependent on
their components, concentrations, dispersion, and the
resulted morphological structures.
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Introduction

Polylactide or poly (lactic acid) (PLA) is a biodegradable
aliphatic polyester of lactic acid, a monomeric precursor
that can be obtained by natural fermentation from renew-
able resources, mainly containing starch or sugar. This
material has one of the most important situations in the
biodegradable polymers market due to its various fields of
application. They include a wide variety of biomedical
products, packaging materials, fiber production, and more
recently, as composites for technical applications. With a
tremendous increase in production capacity over the past
years, PLA is potentially interesting for engineering
applications (electronic and electrical devices, mechanical
and automotive parts, etc.) [1-3]. PLA is of increasing
interest in industry and academia, because it owns attrac-
tive properties comparable with petroleum-based polyole-
fins [4-6].

Although PLA has balanced properties of mechanical
strength, thermal plasticity, and compatibility for short-term
commodity applications, the improvement in thermal
and mechanical properties of PLA is needed to pursue for
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long-term high-performance applications. However, the
properties of PLA are often not good enough for some
applications, such as electronic and electrical devices that
require a high level of mechanical properties, thermal and
electrical conductivities; thus it requires the tailoring of its
properties to reach the end-user demands. Accordingly, many
studies on PLA-based nanocomposites have been found that
the above drawbacks could be overcome by incorporation of
nano-sized particles such as clays and carbon nanotubes [7, 8].
Unfortunately, to the best of our knowledge, studies on PLA-
based nanosheets or nanotubes have been carried out limitedly
[9] and there are few on preparations of PLA-based nano-
composites using two different nano-fillers, especially,
graphite nanosheets and carbon nanotubes (CNTs).

As the molecular-scale tubes of graphitic carbon with
outstanding properties, CNTs are among the stiffest and
strongest fibers known [10, 11] and hence have attracted
much attention for their potential applications in nano-
devices, energy conversion, field emission display, nano-
electronics, etc. [12, 13]. Of particular interest is recently
developed CNTs-based composite nanotechnology con-
sisting of a polymer matrix and well-dispersed CNTs. The
obtained polymer/CNTs composites show far improved
mechanical properties and conductivity in contrast to those
of the pristine polymers, even at very low content of CNTs
[14]. But in the literatures, there are few reports regarding
the effects of CNTs on electrical and thermal conductivities
of bio-composites, simultaneously.

As an alternative to CNTs, graphite nanosheet is also
among the leading nano-scale fillers in research and
development of commercial products. Graphite nanosheet
unites the lower price and layered structure of clays and the
superior electrical and thermal properties of CNTs. Thus, it
can be an alternative to both clays and CNTs to make
polymer composites with competitive multifunctional
properties. Graphite nanosheet consisted of graphene
nanosheets has thermal and electrical characteristics usu-
ally associated with metals which makes it suitable for
applications when properties like heat stability, lubricant
ability, thermal and electrical conductivities are required
[15-17], e.g., electromagnetic interference shields and
thermal conductors. However, we have found in literature
that graphite nanosheet was associated with CNTs to make
conducting polymer composites.

In the recent years, polymer-based nanocomposites
reinforced with expanded graphite have shown substantial
improvements in mechanical, electrical conductivity and
barrier properties in several polymers, such as polyethylene
(PE), polyamide 6 (PAG6), and polystyrene (PS) [18-20].
The reason is that graphene sheets/layers characterized by
high modulus (1TPa) can be separated to a nanometer
width, with high aspect ratio (100-1500). Furthermore, the
graphite nanosheets can have an enormous surface area (up
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to 2,600 m?/g) considering that both sides of the sheets are
accessible. Therefore, the dispersion of such nanosheets in
a matrix can play a key role in the improvement of both
physical and mechanical properties of the resultant nano-
composites [21, 22].

Blending polymer with conducting fillers, such as nat-
ural graphite flake, carbon black, and metal powders, to
prepare electrically conducting composite has been exten-
sively investigated in the past few decades [23-25]. Con-
ducting polymer composites are great from a practical
point of view, because their electrical properties can be
tailored by properly choosing components and their rela-
tive concentrations. Among the various conducting fillers,
naturally abundant graphite, which possesses good elec-
trical conductivity of about 10* S/cm at ambient tempera-
ture [26] has been widely used. In most cases, relatively
large quantities of graphite are needed to reach the critical
percolation value, as the graphite particle size is at
micrometer or millimeter scales. Too high concentration of
the conductive filler could lead to materials redundancy
and detrimental effects on mechanical properties.

To develop a conducting network within PLA matrix
with as small amount of filler as possible, we consider
using expanded graphite nanosheets and MWCNTs as
conducting components to obtain a new bio-based multi-
functional “green” product that can be possibly used in
different applications related to electric and electronic
engineering materials. When different nano-scale con-
ducting fillers are dispersed in PLA matrix, the particular
morphology and structure developed provide the advanta-
ges of forming the conducting network.

However, relatively little is understood of the compound
nano-scale conductive fillers in PLA composites. The aim of
the present study was to find out the effects of co-addition of
expanded graphite nanosheets and MWCNTSs on the macro-
properties, e.g., thermal and electrical conductivities and
thermal, mechanical and electrical properties, and to estab-
lish the correlation between macro-properties and micro-
structures of the resultants nanocomposites.

Morphologies, structures, thermal stability, mechanical
and electrical properties and thermal conductivity of PLA/
GNs/MWCNTs nanocomposites were systematically char-
acterized and measured by adopting scanning electron
microscopy, X-ray diffraction method, thermogravimetric
analysis, tensile and impact tests, electric resistivity mea-
surements, thermal conductivity measurements, respec-
tively. The experimental results revealed that there were
some important effects of co-addition of thermally expanded
GNs and MWCNTs on the properties and structures of the
resultant nanocomposites. In nanocomposites, a conductive
network had formed by the thermally expanded GNs and
MWCNTs, and nanocomposites displayed a relatively low
percolation threshold for electrical and thermal
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conductivities. Due to the existence of the conducting net-
work, mechanical, thermal stabilities, thermal and electrical
conductivities of PLA had been improved obviously.

Experimental
Materials

A commercially available poly (lactic acid) (PLA, 4032D)
was supplied from Nature Works LLC (UAS) with a number
average molecular weight [M, (PLA)] of 58,000 g/mol,
D-isomer content about 1.5% and polydispersity index (PI)
of 2.1. The graphite nanosheets (GNs) used in this research
were offered from Xiamen Knano Graphite Co. Ltd. (China).
GNs with an aspect ratio of about 100 (average diameter of
5 pm and average thickness of 50 nm) were prepared by an
ultra-sonication powdering technique [21]. MWCNTs
(MFG Code M2) were purchased from Chengdu Organic
Chemicals Co. Ltd., Chinese Academy of Sciences (China)
with outside diameter (OD) of 8—15 nm and length of about
50 um, special surface area (SSA) >233 m?/g and electrical
conductivity (EC) >10? s/cm.

The thermal expansion process of graphite nanosheets

The expanded graphite nanosheet was obtained by a rapid
thermal expansion of GNs. Prior to the mixing step, GNs
were put into an oven that was maintained at the different
temperatures and taken out after 3 min to produce the
expanded graphite nanosheet. Upon rapid heating, the GNs
were expanded explosively several hundred times along the
thickness direction due to the evaporation of the intercalant
and the thermal shock. The expanded GNs were immersed
in high-purity chloroform and ultrasonicated at 70 w and
42 kHz for 8 h to obtain the exfoliated graphite nanosheets.

Preparation of PLA/GNs/MWCNTSs nanocomposites

Hybrid composite specimens were prepared by the process
suggested in the literature [27] which involved the use of a
solvent. PLA/GNs/MWCNTs composites were prepared
according to the following steps. According to the formu-
lation in Table 1, the preweighed graphite nanosheet,
MWCNTs and high-purity chloroform were loaded into a big
tube. The tube with a high stir was placed into an ultrasonic
bath with water as the coupling fluid. Ultrasonic irradiation
and thoroughly stirring (about 5,000 turns/min) were then
applied and maintained for 3 h to obtain a suspension of the
expanded GNs filled by MWCNTSs. Then, the solution of
PLA in high-purity chloroform was added into the mixture.
The suspension consisting PLA and expanded GNs filled by
MWCNTs was roughly stirred and ultra-sonicated for at least

Table 1 Formulation of PLA/GNs/MWCNTSs nanocomposite

Samples PLA (pbw)* MWCNTs (pbw)  GNs (pbw)
PLA 100 - -

PLA/C 0.5/G 0.5 100 0.25 0.25
PLA/C1/G1 100 0.5 0.5

PLA/C 1.5/G1.5 100 1.5 1.5

 Part by weight

3 h at ambient temperature to obtain the homogeneous dis-
persion of expanded GNss filled by MWCNTSs within PLA.
Finally, the uniform mixture was subjected to degassing at
120 °C for 5 h to remove the solvent. Subsequently, the
polymer material containing the fillers was then molded. The
nanocomposites with various amounts of graphite nano-
sheets and MWCNTs were prepared via this procedure.

Characterizations and measurements
Scanning electron microscopy

The morphological features of the pristine GNs, MWCNTs,
MWCNTs filled GNs, and PLA/GNs/MWCNTSs nano-
composites were characterized using a scanning electron
microscope (JSM-7401F, JEOL Ltd., Japan). The powders
of the pristine GNs, MWCNTSs, and the expanded GNs
were dissolved into high-purity chloroform, and underwent
ultrasonication for 2 h, following: the resulting suspensions
were poured onto conductive metal columns. At last, these
columns were subjected to degassing at 120 °C for 2 h to
remove the solvent, and then were observed by SEM. The
PLA/GNs/MWCNTs nanocomposites were prepared for
SEM by fracturing the melt-quenched composite films in a
liquid nitrogen bath, then, fractured sample surfaces were
coated with gold—palladium sheet.

Wide X-ray diffraction

Information on nano-scale structures of the pristine GNs,
the GNs filled by MWCNTs, and PLA/GNs/MWCNTs
nanocomposites was obtained by X-ray diffraction using
CuKo radiation (4 = 1.5418 ;\) (D/max-2200/PC). The
diffraction patterns were collected from 10° to 50° (260) at a
scanning rate of 3°/min.

Thermogravimetry analysis

Thermal stability of PLA/GNs/MWCNTSs nanocomposites
was carried out on 10 mg samples by a thermogravimetric
analyzer (TGA Q500, TA Instrument, USA) at heating rate
of 10 °C/min from room temperature to 600 °C under air
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flow (60 cm*/min). The thermal degradation temperatures
taken into account were the onset degradation temperature,
the temperature at 50% of weight loss (7 s) and the tem-
perature of maximum weight loss rate (PDT).

Thermal conductivity

Thermal conductivities of PLA/GNs/MWCNTs nanocom-
posites were measured on the LFA447 (Netzsch, Germany)
nanoflash diffusivity instrument. The sample dimensions
were approximately 10 x 10 x 1 cm. Measurement of the
thermal diffusivity, specific heat and density allows the
calculation of the thermal conductivity.

Electrical resistivity

The volume electrical resistivity of PLA/GNs/MWCNTs
nanocomposites was measured with an electrometer/high-
resistance meter (ZC36, Shanghai Cany Precision Instru-
ment Co. Ltd., China) at room temperature. The electrical
contacts to the electrodes were ensured with gold layer
deposits onto both (top and bottom) surfaces of the
dumbbell shaped samples by a sputtering technique.
The measurements were repeated eight times to obtain the
averaged electrical resistivity of any sample.

Mechanical properties

Mechanical properties of PLA/GNs/MWCNTSs nanocom-
posites such as tensile strength and elongation-at-break
were performed using a universal testing machine (Xin
Sansi Co. Ltd., China) at room temperature according to
GB/T1040-2009 at a speed rate of 50 mm/min. All tests
were carried out by at least ten samples previously condi-
tioned for 48 h at 23 + 2 °C and a relative humidity of
50 £ 2%.

Notched impact strength measurements of PLA/GNs/
MWCNTs nanocomposites were preformed by an Izod
Ray-Ran 2500 pendulum impact tester (4 J, UK) and a
notching instrument in accordance to the ASTM D256
(Method A, impact rate = 3.46 m/s and 0.668 kg ham-
mer). All tests were carried out by at least ten samples
previously conditioned in similar conditions for tensile
measurements.

Result and discussion
Thermal expansion of graphite nanosheets
The exfoliation phenomena of the graphite intercalated

compounds (GICs) have been investigated for long time.
There are several methods to expand GICs. It has been
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reported that thermal expansion process is one of the most
effective methods to exfoliate graphite nanoplatelets into
graphene [28-31]. To investigate the detailed morpholog-
ical changes of graphite nanosheets due to thermal
expansion, SEM micrographs of the pristine graphite
nanosheets (GNs) and GNs treated at different tempera-
tures were obtained and are presented in Figs. 1 and 2,
respectively. SEM micrograph of the MWCNTs used is
shown in Fig. 3, as well.

It was confirmed that the pristine GNs were constituted
of flakes which was approximately platelet of average
diameter of 5 um and average thickness of 50 nm, with an
aspect ratio of about 100 (Fig. la, b). On the other hand,
compared with the GNs treated by thermal expansion
(Fig. 2), the pristine GNs were detected to have greater
diameter and rougher surface topology owing to the acid
treatment.

After GNs endured a thermal treatment process, the final
product of GNs was characterized to have the diameter of
about 4 um and a smooth surface which could be attributed
to the evaporation of materials from the surface of the

50nm

Fig. 1 SEM micrographs of the pristine graphite nanosheets: direc-
tion perpendicular (a) and direction parallel (b)
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Fig. 3 SEM micrograph of MWCNTs

pristine GNs. In addition, it was clearly found that the
nanosheets had been partially exfoliated, and the higher the
treating temperature, the exfoliated extent was more as can
be seen in Fig. 2.

To examine the structural features and exfoliated extents
of the GNs treated by different temperatures, their X-ray
diffraction patterns were obtained, as shown in Fig. 4. GNs

300 °C
500 °C
700 °C
800 °C
10 2IO 3IO 4I0 50
20

Fig. 4 X-ray diffraction patterns of GNs treated at different
temperatures

exhibited an obviously sharp diffraction peak at 260 =
27.1° — 25.5°, which is corresponding to the d002. With
increase of the treating temperatures from 300 to 800 °C,
the d-spacing of thermally treated GNs gradually increased
from 3.38 to 3.58 nm. This result is in accordance with the
findings in Fig. 3. This phenomenon could be due to the
rapid evaporation of CO, and H,O from the surfaces of the
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pristine GNs, and the higher treating temperatures led to
the larger distances between nanosheets.

Microstructure of graphite nanosheets filled
by MWCNTs

To further understand and investigate the effects of both
thermal treatment process and addition of MWCNTS into
GNs on the expanded extent of the pristine GNs, the certain
amount (~0.05 g) of the pristine GNs, MWCNTSs, GNs
treated by thermal expansion, and the mixture of 0.05 g
MWCNTs and 0.05 g GNs treated by thermal expansion
were solved into high-purity chloroform, and after these
suspensions were slightly stirred, these mixtures were
limpidlyquescently placed for 5 h.

The resultant suspensions are shown in Fig. 5. It is clear
form Fig. 5 that the volume of GNs which had undergone
thermal-expanded process was obviously larger than that of
the pristine GNs. It is surprised to find out that addition of
MWCNTs into the GNs treated by thermal expansion
resulted to the volume expansion of GNs, further. And after
ultra-sonication, the volume of the mixture of MWCNTs
and GNs treated by thermal expanded process grow further.
Some conclusions could be easily drawn from these phe-
nomena: (1) thermal expanded process is one of effective
methods to exfoliate graphite nanoplatelets; (2) addition of
MWCNTs into GNs could contribute to exfoliation or
expansion of GNs; (3) the microwave process could give a
better degree of expansion of GNs and MWCNTs.

From above results, it was very reasonable to think that
ultra-sonication process could promote incorporation of
MWCNTs into the graphite nanosheets that underwent
thermal expansion in solvent. This prediction had been
verified by SEM micrographs as shown in Fig. 6, which
displays the mixture of MWCNTs and GNs treated by
thermal process at 500 °C (ratio of MWCNTSs and GNs is
1). From Fig. 6, it is obviously found out that MWCNTSs
were homogeneously dispersed among the graphite

Pristine GNs

Fig. 5 States of MWCNTSs, pristine GNs, GNs treated by thermal
expansion, and mixtures of GN sand MWCNTs with and without
ultra-sonication, in high-purity chloroform

gs @ Springer
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Fig. 6 SEM micrographs of the dispersion states of the mixture of
MWCNTs and GNs treated by thermal process at 500 °C (MWCNTs/
GN = 1) at a x20,000 and b x 100,000 magnifications

nanosheets, and a carbon network had been formed by GNs
and MWCNTSs.

Microstructures of PLA/GN/MWCNTs
nanocomposites

To maintain the resultant networks structure of GNs/
MWCNTs and to make applicable devices, filling PLA in
the networks-shape was very important. Figure. 7a, b
shows the SEM micrographs of the fractured surfaces of
PLA/GNs/MWCNTSs nanocomposites which contain
0.5 pbw graphite and 0.5 ppbw MWCNTs.

It can be seen that PLA/GNs/MWCNTSs nanocomposites
with 0.5 pbw of GNs and 0.5pbw of MWCNTs exhibited a
relative rough fractured surface without any aggregates of
GNs and MWCNTs particles as shown in Fig. 7. It con-
firmed that graphene nanoplatelets of GNs and MWCNTs
were dispersed almost homogeneously in PLA matrix
(Fig. 7a) and the MWCNTs were displaced between GNs
platelets as shown in Fig. 7b. From these results, it is easy
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Fig. 7 SEM micrographs of the fracture surfaces of PLA/GNs/
MWCNTs nanocomposites at 0.5 pbw of GN and 0.5 pbw of
MWCNTs at: a x5,000 and b x50,000 magnifications

to draw a conclusion that the network consisting graphite
nanosheets and MWCNTSs had been formed in composites.

During the preparation of nanocomposites, blade of the
homogenizer rotated and broke the large graphite flakes

Scheme 1 The model of the
carbon network based on GNs
and MWCNTs

D

Q@

D

Graphite sheets

%
QQ

into even smaller ones. The application of ultra-sonication
further improved the dispersion of graphite nanosheets and
MWCNTs in PLA matrix. The rough stirring and ultra-
sonication might have resulted in the permeation of
MWCNTs into the expanded graphite nanosheets.

As a summary, a roadmap describing the microstructure
formation of the PLA/EG/MWCNTSs nanocomposites dur-
ing the processing is presented in Scheme 1. When GNs
were heated, expansion took place in the locations where
oxidation occurred, resulting in a porous structure in the
graphite flakes (Fig. 2), therefore, the expanded graphite
was formed. The MWCNTSs had been impregnated into
graphite sheets during ultra-sonication and stirring, which
led to the formation of conductivity network based on
MWCNTs and graphite sheets. Due to Van der Waals force
between GNs and MWCNTs, a stabilized C-network was
formed at last. When the MWCNTs-filled GNs was mixed
with PLA matrix thoroughly by stirring and sonication, the
PLA/EG/MWCNTs nanocomposite with interpenetrated
GNs/MWCNTs network had been obtained, finally.

WXRD

To examine the structure features of GNs, X-ray diffraction
patterns of the pristine GNs, the GNs underwent thermal
expansion, and the GNs filled by MWCNTs with and
without ultrasonication treatment were obtained, as shown
in Fig. 9.

Since graphite materials have a layered structure, they
show characteristic peaks in their WXRD patterns, among
these, the peak from d002 is the highest and the most
distinctive one, appearing at 20 ~ 26.5°. It is well known
that the height of the d002 is a measure of how many layers
are stacking together to form graphite flakes. Thus, the
degree of exfoliation is investigated by measuring the d002
peak height after the exfoliation process. The greater the
number of unintercalated layers, the more intense the X-ray

MWCNTs
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(1) GNs (25 °C)
(2) GNs (500 °C)

(3) GN/MWCNTs = 1 {without ultra-sonication)
(4) GN/MMCNTs = 1 {with ultra-sonication)

20

Fig. 8 X-ray diffraction patterns of: / the graphite nanosheets (GNs),
2 GNs treated by heat, 3 GNs filled by MWCNTs without ultra-
sonication, 4 GNs filled by MWCNTSs with ultra-sonication

diffraction peak for crystalline graphite [32]. From Fig. 8,
it is clear that the pristine GNs (25 °C) exhibits a sharp and
strong diffraction peak at 20 = 26.5°.

After the GNs underwent the thermally expansion
treatment at 500 °C for 3 min, the diffraction peak of the
GNs is a very weaker peak. After the GNs, which had
endured the thermal expansion at 500 °C for 3 min, were
filled by MWCNTs (GNs/MWCNTs = 1) without ultra-
sonication, its diffraction peak is almost equal to that of the
GNs treated by thermal expansion treatment at 500 °C for
3 min. However, after the GNs filled by MWCNTs
underwent an ultrasonication, the GNs displayed the
weakest peak among all the GNs samples. It was worth
pointing out that similar results had been previously
reported and the peak observed at 26.5° with reduced
intensity was associated to lower number of remaining
aggregates and to a reduced number of graphite layers in
the former case [33]. These phenomena indicated that the
GNs could be partially exfoliated into graphite nanoplat-
elets by means of both thermal expansion process and
incorporation of MWCNTs into the GNs, and these results
were in agreement with the SEM micrographs as shown in
Figs. 5 and 6.

To investigate the structural feature of PLA/GNs/
MWCNTs nanocomposites, X-ray diffraction patterns of
different nanocomposites were obtained, as presented in
Fig. 9. It is clearly seen that PLA/GNs/MWCNTs nano-
composites exhibited an initial broad diffraction peak at
20 = 16.5° which may be corresponded to PLA crystalline
structure [34] and another clear sharp diffraction peak at
20 = 26.5° owing to the GNis particles is detected for PLA/
GNs/MWCNTs nanocomposites, even at very low GNs and
MWCNTs concentration of 0.25 pbw, respectively. It means
that the GNs particles remained in a poor crystalline state in
nanocomposites, being intercalated or exfoliated during the
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(1) GNs/IMWCNTSs: 0.25/0.25
(2) GNS/MWCNTs: 0.5/0.5
(3) GNS/MWCNTs: 1/1

(4) GNs/MWCNTs: 1.5/1.5

10 20 30 40 50
26

Fig. 9 X-ray diffraction patterns of PLA/GNs/MWCNTSs nanocom-
posites at various MWCNTSs concentrations

solvent-mixing process [35]. The presence of the sharp peak
at 26.5° confirms not only the presence of the pure graphite
based stacks of parallel graphene sheets but also the fact that
the solvent-compounding applied here was able to exfoliate
or completely separate the grapheme layers. Although some
sheets still exist in aggregate forms. Accordingly, the
increased intensity recorded at higher conductive fillers
contents could be attributed to the higher number of graph-
ene layers organized in stacks. In addition, these results also
revealed that the concentration of expanded graphite nano-
sheets filled by MWCNTs makes an important impact on the
number of the long-range order of graphite nanosheets.

It is valid to say that graphite nanoplatelets were suc-
cessfully prepared by both the thermal expansion treatment
and the incorporation of MWCNTs into GNs, thus could be
used as the multifunctional reinforcing nanoparticles for
PLA-based nanocomposites.

Mechanical properties of PLA/GNs/MWCNTs
nanocomposites

Tensile mechanical properties of PLA/GNs/MWCNTs
nanocomposites containing various graphite nanosheets
and MWCNTs contents were examined at room tempera-
ture, as shown in Fig. 10, which presents tensile strength
and elongation-at-break values of nanocomposites as a
function of graphite nanosheets and MWCNTSs content.
From Fig. 10, it is found that the elongation-at-break val-
ues of the nanocomposites gradually decrease with increase
of conductive fillers concentration as compared to that of
pure PLA. Values of the elongation-at-break decrease from
20% for pure PLA sample to 15% for the nanocomposite
sample with 1.5 pbw of GNs and MWCNTs. It seems that
the high decreases in the elongation-at-break values of
PLA/GNs/MWCNTSs nanocomposites are proved owing to
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Fig. 10 Mechanical properties of PLA/GNs/MWCNTSs nanocompos-
ites at various conductive fillers concentrations

the hardening effect of graphite nanoplatelets in the PLA
matrix [35].

The tensile strength of PLA was measured be ~ 54 MPa, as
can be seen in Fig. 10. For PLA/GNs/MWCNTSs nanocom-
posites, the tensile strength increased initially to ~78 MPa at
1 pbw GNs and 1 ppbw MWCNTSs, remains constant up to
1.5 pbw GNs and 1 ppbw MWCNTs, but decreases slightly at
higher fillers contents. Nonetheless, the tensile strength of
PLA/GNs/MWCNTs nanocomposites is still higher than that
of the PLA matrix. Figure 11 shows stress—strain curves of
PLA/GNs/MWCNTs nanocomposites at various conductive
fillers. From Fig. 11, it is found that for PLA/GNs/MWCNTs
nanocomposites, the strain-at-break decreases with increasing
the fillers contents (GNs/MWCNTs = 1). It seems that the
high decreases in strain-at-break values of PLA/GNs/
MWCNTSs nanocomposites are proved owing to the hardening
effect of fillers in the PLA matrix.

| (GNS/MWCNTs = 1) /1 (pbw)
75
0.5 (pbw)
| 0.25 (pbw)
< 60 /
% i 0 (pbw)
» 451
%]
o
» 30
1.5 (pbw)
15
L 1 1 1 L 1 1
0 5 10 15 20

Strain (%)

Fig. 11 Stress—strain curves of PLA/GNs/MWCNTs nanocomposites
for various conductive fillers concentrations

'_ _— E—'{

_‘{/

N W b~ OO N 0 © O
—T

(GNS/MWCNTs = 1)

Izod notched impact strength (kJ/m2)

0.0 0.5 1.0 1.5

-

Contens of fillers (pbw)

Fig. 12 Impact properties of PLA/GNs/MWCNTSs nanocomposites

Impact properties are key factors that basically decide
the suitability of a material for usage in structural appli-
cation. Figure 12 shows the impact fracture strengths of the
different PLA/GNs/MWCNTSs nanocomposites. It can be
seen from Fig. 12 that the impact strength values of the all
PLA/GNs/MWCNTs nanocomposites are higher than that
of the pure PLA, but the impact strength values increase
gradually with the increase of conductive fillers in the PLA
matrix. The noticeable improvement of impact properties
for PLA/GNs/MWCNTSs nanocomposites could be owing
to the reinforcing effects of graphite nanoplatelets incor-
porated with MWCNTs which dispersed homogeneously in
the PLA matrix.

Additionally, we pointed out that the nanoscopic gaps
had a direct correspondence to the morphology and struc-
ture of the filler—filler bonds. Because of confinement
effects, the polymer chains in nanoscopic gaps between
two attractive filler surfaces were strongly immobilized
implying that the fillerfiller bonds are consisted of glassy-
like, immobilized polymer bridges between adjacent filler
particles. In particular, it implies that the filler—filler bonds
were quite stiff to allow the transmittance of stress along
the fillers network. The gap distance corresponds to the
length of fillerfiller bonds which in turn impacts on the
stiffness and strength of the bonds and hence the whole
fillers network. These explanations may be used to interpret
the mechanical properties of the PLA/GNs/MWCNTs
nanocomposites.

Thermal stability of PLA/GNs/MWCNTs
nanocomposites

TGA was conducted to investigate the effect of the conductive
fillers (GNs filled by MWCNTSs) on the thermal stability
behavior of the PLA/GNs/MWCNTSs nanocomposite samples
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Fig. 13 Thermal stability curves of pure PLA and PLA/GNs/
MWCNTSs nanocomposite at different loadings of conductive fillers:
TGA (a); DTG (b)

and the pristine PLA. Figure 13a, b shows TGA and corre-
sponding differential Thermogravimetric (DTG) thermo-
grams of pure PLA and PLA/GNs/MWCNT's nanocomposites
at different conductive fillers loading, respectively.

For quantitative comparison of the thermal stabilities
among different PLA/GNs/MWCNTs nanocomposites, the
onset decomposed temperature (7., the thermal degra-
dation temperatures of 50% weight losses (7 s), the max-
imum temperature of degradation [PDT(max)] and Char
yield (%) up to 500 °C were evaluated from TGA and DTG
thermograms which are summarized in Table 2.

As shown in Fig. 13a and Table 2, it can be seen that
compared to that of the pure PLA, the TGA curves of the
nanocomposites are shifted toward higher temperatures.
The onset temperature of thermal degradation of the
nanocomposite sample with conductive fillers loading
0.5 pbw is significantly increased from 279.8 to 286.9 °C.
Addition of GNs filled by MWCNTs into PLA led to the
distinctly gradual improvement in decomposition onset

g? @ Springer

Table 2 Thermal properties of different nanocomposites (under air
flow and heating rate of 10 °C/min)

Samples - Tos PDT (max) Char yiled up to
O (O (°C) 500 °C (%)

PLA 279.8 344.16 3499 0

PLA/C 0.5/G0.5 2883 351.7 368.8 2.5

PLA/C1/G1 299.2  360.9 369.7 2.7

PLA/C 1.5/G1.5 299.9 358.6 366.9 4.4

temperature for PLA/GNs/MWCNTs nanocomposites with
the increase of conductive filler concentration.

The peak decomposition temperature of the DTG curve
represented the temperature at which the maximum weight
loss rate is reached, as shown in Fig. 13b. The peak
decomposition temperature of the nanocomposite appears
above 360.3 °C and is increased about 10 °C compared to
that of the pure PLA. The thermal degradation temperatures
of 50% weight losses (T s) also display a marked enhance-
ment in different nanocomposite samples compared to that of
the neat PLA. It should be pointed out that a dramatic
increase of thermal stability is observed for nanocomposites
with increasing the fillers contents. Such effect in thermal
stability has been previously reported in case of graphite
dispersion in other polymer matrices [36-38].

The improved thermal stability of PLA/GNs/MWCNTs
nanocomposites is believed to originate from the following
facts: (1) essential increase of thermal resistance is mainly
connected to the retardation effect of the conductive net-
work based on the expanded GNs and MWCNTs, on the
motion of molecules of PLA during heating-up; (2)
shielding effect conferred by the flake-like nanofiller, in
fact, the layers of GNs are thought to increase the diffusion
pathways of the degradation by-products and the good
thermal stability could be associated to hindered diffusion
of volatile decomposition products; (3) presence of the
dispersed GNs filled by MWCNTSs in PLA matrix possibly
accelerates the PLA crystallization, significantly.

Conductivity of PLA/GNs/MWCNTSs nanocomposites

As mentioned at the very beginning of this study, the
ultimate goal of making a renewable, sustainable, biode-
gradable, and eco-friendly composite was to develop
lightweight highly conductive materials. To determine the
conductive performances of the PLA/EG/MWCNTs
nanocomposites prepared in the present study, both the
volume electrical resistivities and thermal conductivity of
testing sheets made from PLA/EG/MWCNTSs nanocom-
posites were measured at room temperature. The results are
presented in Figs. 14 and 15, respectively.

It is obvious from the Figs. 14 and 15 that the addition
of GNss filled by MWCNTs has a significant effect on the
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10155 nanocomposites decreased slowly. This phenomenon
r (WMCNTSs/GNs = 1) .
E E\E demonstrated that the percolation threshold for conduc-
r ~— tivity of the nanocomposites is lower than 1 pbw. The
1 0125_ microstructures as shown in the above figures revealed
— E that low value of percolation threshold might be mainly
g_ r attributed to better conductive network consisting of GNs
<} 109 r and MWCNTs with special morphology. There exists
< 2 contact resistance in the percolating network formed
3r within nanocomposites, as well.
108 r Additionally, it is important to notice that the volume
2 {\; electrical resistivity of ~10°Qcm™" for PLA/GNs/
3 . ) ) . . - . ) . MWCNTSs nanocomposite is low enough to attain the
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Fig. 14 Volume electrical resistivity of PLA/GNs/MWCNTs nano-
composites at different loadings of conductive fillers
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Fig. 15 Heat conductivity of PLA/GNs/MWCNTSs nanocomposites
at different loadings of conductive fillers

thermal and electrical conductions of PLA matrix. Upon
the conductive fillers loading, the thermal and the volume
electrical resistivities were dramatically increased as
compared to that of pure PLA matrix.

Figure 14 shows clearly that with increase of the GNs/
MWCNTs contents, the volume electrical resistivities of
PLA//GNs/MWCNTs nanocomposites gradually reduces,
and when the ratio of GNs/MWCNTs goes beyond
0.5/0.5, the volume electrical resistivity of PLA/GNs/
MWCNTs nanocomposite reduces dramatically. For
comparison, when 1 pbw of fillers (MWCNTs/GNs = 1)
was incorporated into PLA, the volume resistivity of the
nanocomposite would be about 10 orders of magnitude
lower than that of the pure PLA, then with the increase in
the amount of fillers, the volume resistivity of

electrostatic dissipation and/or partial electromagnetic
dissipation for thermoplastics, fibers, and films.

Figure 15 shows the variation in thermal conductivity of
the nanocomposites with respect to the fillers contents. It
can be seen that thermal conductivity increases at higher
GNs concentration. It indicates that the mean carbon free
path and conductive network produced by adding of the
GNs filled by MWCNTs, strongly improved the transport
routs necessary for high-thermal conductance.

Conclusion

To allow PLA utilization in technical applications, addi-
tion of selected nano-fillers into this biodegradable poly-
ester represented a good alternative for enhancing its
performances. In this study, graphite nanosheets were
pretreated by rapid thermal expansion and then solvent
compounded with MWCNTs, including a PLA solution
under ultra-sonication to prepare a novel kind of PLA-
based nanocomposites. The results indicated that for
graphite nanosheets, both the thermal expansion process
and addition of MWCNTs were the most useful methods to
obtain a highly efficient, stabilized and practical conduc-
tive network in polymer matrix. It was confirmed by X-ray
diffraction patterns and SEM micrographs that the disor-
dered GNs and MWCNTs in PLA/GNs/MWCNTs nano-
composites were homogeneously dispersed in the PLA
matrix without forming any aggregates. However, micro-
sized GN particles in PLA/GNs/MWCNTs nanocompos-
ites maintained their original crystalline state; it led to the
relative low electrical and thermal percolation threshold of
PLA/GNs/MWCNTSs nanocomposites. Compared to pure
PLA, the resultant PLA/GNs/MWCNTSs nanocomposites
displayed significant improvements in the thermal stability
and mechanical properties.
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