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ABSTRACT: In this study, rheology, structure, and mechanical properties
are investigated in point of their enhancement by incorporation of graphene
nanoplates (GNP) and multiwall carbon nanotubes (MWCNTS) in poly (lactic
acid) matrix. PLA-based nanocomposites with 6% total amount of GNP and
MWCNT in different combination, produced by melt extrusion method, are
investigated. Incorporating of GNP to PLA at the binary nanocomposites and
GNP and MWCNT (i.e. increasing of GNP concentration and an analogous de-
crease of MWCNT concentration) to PLA at the ternary nanocomposites leads
to reduction of the linear viscoelastic range and critical strain. For pure molten
polymer, a terminal-like behavior has been observed in low frequencies and the
slope n is proportional to 2 (G’ ~ w™). From the results, we can observe that as
the GNP concentration increases, n decreases gradually. All samples are char-
acteristic as a “gel” type structure, which is usually associated with reaching
the percolation threshold. We demonstrated that XRD can be used as a quick
and unambiguous method to determine the homogeneity of the nanocompos-
ites in terms of carbon filler dispersion in a polymer matrix. GNP and MWCNT
addition improved the impact strength of PLA composites, which confirm the
successful reinforced effect on polymer matrix of both fillers.

KEY WORDS: graphene, multiwall carbon nanotubes, poly (lactic acid), dis-
persion, critical strain, reinforcement.

1 INTRODUCTION

The subject of great research challenge is to develop polymer nanocomposites re-
inforced with carbon nanofillers as graphene nanoplates and multiwall carbon nan-
otubes, which is becoming a great scientific and technological interest in the last
decades. The composite may have superior mechanical, physical and thermal proper-
ties than the individual components that made it. In certain instances, synergism
is seen, where the matrix and reinforcement material complement each other for
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their exceptional properties. Owing to the high surface area of the nanofillers, the
expectation is that this addition would cause a dramatic improvement in the bulk
properties of the composites prepared. However, this improvement is highly depen-
dent on the level of dispersion of the nanofillers inside the host matrix and on the
nanofillers/matrix adhesion [1,2]. Therefore, more systematic works are needed to
study the structure-property relationships of these exciting advanced materials. From
processing and application points of view, the mechanical and rheological properties
of these nanocomposites are very important. These properties are related to the ma-
terials’ microstructure, the state of nanofillers dispersion, different shape and aspect
ratio, and the interactions between fillers and polymer chains. Therefore, it is inter-
esting to study their mechanical and rheological properties and correlate them with
nanocomposite properties.

The objective of this research is to study two types of composites based on poly
(lactic acid) (PLA)/graphene nanoplates (GNP) and poly (lactic acid) (PLA)/graphene
nanoplates (GNP)/multiwall carbon nanotubes (MWCNT), which were prepared at
different combination (mono- or bi-filler) with total amount of 6% filler concentra-
tion by melt extrusion at 170-180°C, using a twin-screw extruder at IPCB-CNR,
Pozzuoli. Relationships between rheology, structure and properties of nanocompos-
ite materials can be made through a combination of different measurements as rheo-
logical tests, structural investigation (such as X-ray diffraction) and mechanical study
(such as Izod Impact test) in order to have better understanding of state of dispersion
of fillers in polymer matrix and interfacial interaction polymer-fillers. The aim of the
present study is to estimate the influence of GNP and MWCNT nanofillers on the
dispersion, interfacial interaction, structure and mechanical properties of PLA-based
nanocomposites. X-ray diffraction and Izod Impact test measurements were done
during the secondments of the first author within the frame of Graphene 3D project
at MackGraphe, Sao Paulo, and the rheological characterizations were performed
at Institute of Mechanics, Sofia. TEM micrographs were performed at Institute of
Polymers, Composites and Biopolymers, CNR, Pozzuoli (NA), Italy.

2 EXPERIMENTAL
2.1 MATERIALS

The poly (lactic acid) (PLA) polymer used in this study was Ingeo™Biopolymer
PLA-3D850 (Nature Works) with MFR 7-9 g/10 min (210°C, 2.16 kg), peak melt
temperature ~ 180°C, glass transition temperature ~ 60°C [3]. Graphene nanoplates
(GNPs) with commercial code (TNGNP) adopted as nanofillers were purchased from
chines factory Times Nano [4]. Multiwall carbon nanotubes (MWCNTSs) were pur-
chased from Nanocyl S.A. (Belgium). In this study, we have used the Nanocyl 7000



Radost Ivanova, Rumiana Kotsilkova 319

Table 1: Technical data of GNPs and MWCNTs used in PLA nanocomposites

Characteristics GNPs (TNGNP) MWCNTs (Nanocyl 7000)
Purity, wt.% > 99.5 > 90

Number of layers / Thickness, nm < 20/4-20 —
Diameter/medium size, ym 5-10 —

Length, um — 1.5

Outer diameter, nm — 9.5

Aspect ratio 500 ~ 157
Transition Metal oxide, % — <1

Surface area, m?/g — 250-300

Volume resistivity, ohm.cm 4x1074 1074

Surface functionalization — Oxidized (-OH and -COOH)

series [5]. The technical specification of the used carbon nanofillers is collected in
Table 1.

2.2  PREPARATION OF NANOCOMPOSITES

Two masterbatches of 6 wt.% GNPs and MWCNTs were prepared by direct melt
extrusion of PLA milling pellets to fine powder with GNP and MWCNTs at tempera-
ture range of 170-180°C, using a twin-screw extruder (COLLIN Teach-Line ZK25T)
at screw speed of 40 rpm in a first extrusion run. Bi-filler composites of 6 wt.% total
filler content were produced at mixing by dilution of the both mono-filler master-
batches in appropriate concentration with the neat PLA in a second extrusion run.
The prepared series of nanocomposites consists of 4 composite formulations of 6%
total filler content. The formulations include monofiller (i.e. polymer with one filler)
and bi-filler (i.e. polymer with two fillers) systems with GNP:MWCNT ratio of 1:3,
1:1 and 3:1 are produced. Our previous studies show that the short processing time,

Table 2: List of nanocomposites prepared for current research study

Sample Concentration ratio (filler: polymer), [wt%]
GNP MWCNT PLA
Pure PLA 0 0 100
6% GNP/PLA 6 0 94
4.5% GNP/1.5% MWCNT/PLA 4.5 1.5 94
3% GNP/3% MWCNT/PLA 3 3 94

1.5% GNP/4.5% MWCNT/PLA 1.5 4.5 94
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the low processing temperatures around the melting peak (7;, = 150°C for the neat
PLA) and the addition of carbon nanofillers resulted in an increasing of the melting
temperature to 7,, = 175-177°C, the enhancing of PLA crystallinity with 26-30%
and the prevention of PLA degradation [6].

The compositions prepared for this study are presented in Table 2.

2.3 CHARACTERIZATION

The rheological measurements were carried out with stress-controlled rotational
AR-G2 Rheometer (TA Instruments) using electrical-heated parallel plates geometry
(25 mm diameter) and gap size of 2500 pm between plates at a temperature of 220°C.
Rheological measurements started with heating of the test specimens at temperature
of 220°C, that is above the melting temperature and below the onset of degradation of
the PLA and nanocomposites [6], for a specified time in the gap between the parallel
plates, in order to temperate the sample, to avoid disturbances of its internal structure
and to remove thermal and processing history. The next step involves the application
of pre-shear at small deformation in order to eliminate the effects of the pre-history
of the material and to avoid unwanted errors during the measurement. In order to
determine the linear viscoelastic region, the strain sweep test was conducted between
over % strain (7) range of 0.01-100% at frequency of 1 Hz. The storage modulus G’
versus the % strain was measured to evaluate the critical strain at which lead to the
breakdown of the elastic bonds in the nanoparticle network.

The viscoelastic flow properties were measured using low amplitude oscillatory
flow mode. The complex dynamic viscosity n*, storage modulus G, and loss mod-
ulus G were measured versus the angular frequency, w of 0.5-100 rad/s at non-
destructive low strain amplitude of deformation, preliminary determined by strain
sweep test. The TA Advantage Software, Origin Pro 8.5, and Matlab were used for
data analysis and calculation. Tested samples are in form of disc with diameter of
25 mm prepared by hot-pressing at 185°C and pressure of 1 Bar.

X-ray diffraction was used to further study of GNP/PLA and GNP/ MWCNT/
PLA nanocomposites. XRD characterization of 7 samples (2 main filler in form of
powder and 5 films with thickness around 1 pm, prepared by hot pressing) are made.
X-ray diffraction measurement was carried out by using a Desktop X-ray Diffrac-
tometer MiniFlex || (Rigaku, Tokyo, Japan) with a CuK,, radiation (A\ = 1.542 A)
operated at generator voltage of 30 kV and a current of 15 mA. Data were recorded
in 20 range of 5-70° at the scan rate of 3°/min at room temperature. The software,
which is used for recorded the data is Integrated X-ray powder diffraction software —
PDXL.

Bright field transmission electron microscopy (TEM, FEI Company, Hillsboro,
OR, USA) analysis was performed by using FEI TECNAI G12 Spirit-Twin (LaB6
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source) instrument equipped with a FEI Eagle-4k CCD camera and operating with
an acceleration voltage of 120 kV. Thin slides, cut from the cross section of the
nanocomposite filaments at room temperature by ultramicrotome, were analyzed.
The sections were placed on 400 mesh copper grids for testing.

Izod impact tests were carried out on notch impact specimens by Tinius Olsen
Pendulum impact testing machine under ambient conditions with hammer impact ve-
locity of 3.46 m/s, hammer weight of 0.46 kg and pendulum hammer impact energy
of 2.75 J. The dimensions are specified by ASTM D256-10 standard. The dimension
of the specimens were 62.5 mm (length) x 12.7 mm (width) x 3.2 mm (thickness).
The samples are prepared by HAAKE™MiniJet Pro Piston Injection Molding Sys-
tem. The next step of preparation the samples are cutted the V-shaped notch in the
middle of the specimens by Tinius Olsen V-shaped notcher. The specimens were
notched with a depth of ~ 2.6 mm and an angle of 45°. Before every measure-
ment, the thickness and depth of v-notch for each specimen are measured and set in
the program of 1zod impact tester. The statistical average of the measurements of 3
specimens was taken to obtain a reliable data with appropriate standard deviation. In
Fig. 1 is shown one of the tested samples from 6% GNP concentration.

Fig. 1: V-notched sample for Izod Impact test from 6 wt% GNP/PLA nanocompos-
ites.

3 RESULTS AND DISCUSSION
3.1 RHEOLOGICAL CHARACTERIZATION

Strain sweep is one of the first analyses in oscillatory mode that are performed on
an unknown sample to explain its linear viscoelastic region and it is considered as a
basis for other analyses in this mode. The linear viscoelastic region is called an area
in which only the orientation of the polymer molecules occurs over the field of the
flow without breaking the structural bonds between them. The more elastic bonds
between the polymer molecules in the sample, the greater the viscoelastic zone.

Strain sweep test is a destructive dynamic rheological test where the viscoelastic
modulus G versus the region of applied shear strain () are monitored. The linear
viscoelastic flow region is determined by the critical strain (7., %), below which the
microstructure of the sample is not destroyed during the flow, therefore the viscoelas-
tic modulus G’ shows plateau values in this region of strain.
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Fig. 2: Storage modulus, G/, versus % strain for the neat PLA and example nanocom-
posites with 6% total filler content.

In Fig. 2, pristine PLA exhibits the longest linear viscoelastic region, which can
be attributed to the native elasticity of the PLA chains. With the incorporation of
nanofillers in the polymer matrix, the region of linear viscoelasticity becomes shorter
and causing to the occurrence of 7. in the polymer nanocomposite, which is due
to the breakdown of elastic bonds in the nanoparticle network. Critical strain, -,
is determined by calculating +£5% deviation (according to the standards ISO 6721-
10) of G’ from the plateau region. Table 3 summarized defines values of critical
deformation for all measured samples.

Table 3: Critical strain values for PLA nanocomposites with GNP and GNP/MWCNT

Sample Critical strain, [~.]
Pure PLA > 100

1.5% GNP/4.5% MWCNT/PLA 0.32

3% GNP/3% MWCNT/PLA 0.30

4.5% GNP/1.5% MWCNT/PLA 0.25

6% GNP/PLA 0.09

The results show that the value of critical strain decreases with the increase of
the GNP content and consequently the decrease of the MWCNs in the 6 wt% filled
ternary nanocomposites compared to pure PLA. This behavior is typical of filled
polymers and is known as so-called polymers. “Payne effect” [7]. In the case of
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the bi-filler nanocomposites, the following trend is observed — with the increase of
the GNP concentration and the appropriate reduction of the MWCNT concentration,
namely: 4.5% GNP/1.5% MWCNT/PLA, 3% GNP/3% MWCNT/PLA and 1.5%
GNP/4.5% MWCNT/PLA, the linear viscoelastic region increases, which leads to
increases the stability of nanocomposites during flow in comparison with mono-filler
6% GNP nanocomposites.

To perform of further non-destructive measurements in the dynamic oscillatory
mode, the same deformation (% strain = 0.1%) was selected for all composites
within the linear viscoelastic region, i.e. in the plateau area where no changes in
the values of the dynamic storage modulus are observed.

Frequency sweep analysis is a non-destructive test to study sample behavior within
the linear strain region. The complex viscosity n* and storage modulus G’ variations
versus angular frequency w are outlined for the samples (Fig. 3(a) and (b)). In the bi-
nary nanocomposite of 6% GNP/PLA, the viscosity n* at low frequencies increases
with few decades, compared to the neat PLA. While, in the ternary composites of
6% GNP/MWCNT/PLA, the increase of MWCNT content and the respective de-
crease of GNPs, leads to a gradually increase of viscosity, compared to the binary
nanocomposite (Fig. 3(a)). For pure molten polymer, a terminal-like behavior has
been observed for storage modulus in low frequencies and the slope n is proportional
to 2(G ~ w') [8]. The values of n are determined by the slope of the theoretical
curves, when they coincide with the experimental points, in the low-frequency re-
gion. The values of n compare the different dispersions and quantify the degree of
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Fig. 3: Complex viscosity, n* (a) and Storage modulus, G’ (b) versus angular fre-
quency, w for GNP/PLA and GNP/MWCNT/PLA composites, with 6% total amount
of fillers.
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Table 4: Calculated values of terminal slope (n) of G’(w) and the relaxation spectra
weight (H) at two example relaxation times for PLA nanocomposites with GNP and
GNP/MWCNT

Slope n H H
Sample (w=01s"1 (aar=10"2s) (atT=105s)
Pure PLA 2 45.08 0.06
6% GNP/PLA 0.6 291.8 147.60
4.5% GNP/1.5% MWCNT/PLA 0.12 26.380 2062
3% GNP/3% MWCNT/PLA 0.1 72.440 9466
1.5% GNP/4.5% MWCNT/PLA 0.08 114.300 24.360

dispersion of the nanoparticles. In the binary nanocomposite of 6% GNP/PLA, the
storage modulus G’ at low frequencies increases with 3 decades, compared to the neat
PLA. While, in the ternary composites of 6% GNP/MWCNT/PLA, the increase of
MWCNT content and the respective decrease of GNPs, leads to a gradually increase
of storage modulus, compared to the binary nanocomposite (Fig. 3(b)). Table 4 sum-
marizes the calculated slope values (n) for the tested specimens, using the mathe-
matical linear regression function results by the Matlab program. From the results,
we can observe that as the MWCNT concentration increases, n decreases gradually
and leads to a raised degree of dispersion. Theoretically, a slope value of ~ 0.5
is characteristic of “gel” type structures, which is usually associated with reaching
the percolation threshold [9]. To compare all 6% nanocomposites, we can conclude
that with incorporation of MWCNT filler and its increasing in GNP/MWCNT/PLA
nanocomposites leads to decrease of terminal slope, which may be associated with
the aspect ratio of carbon nanotubes and their better dispersion in the PLA matrix,
compared to the GNP.

Rheological experiments can be used to determine the dynamics of polymer mole-
cules in the polymer nanocomposites by calculation of the linear relaxation time
spectrum H (7) [10, 11]. By the results from Oscillation frequency sweep and Ad-
vantage software the relaxation spectra are calculated. The relaxation processes are
usually suppressed by the presence of strong interfacial polymer-filler interactions.
As nanofiller is added, the mobility of the polymer chains is altered. Thus, the relax-
ation spectra can either shift to higher weight (if the interface causes global changes in
the polymer relaxation times) or broaden (if the interface creates only local changes
in polymer relaxation behavior) [10, 12]. Figure 4 represents the relaxation time
spectra of pure PLA, GNP/PLA and GNP/MWCNT/PLA nanocomposites with 6%
total filler concentration. For 6% GNP/PLA the relaxation spectra become broaden
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Fig. 4. Relaxation time spectra of GNP/PLA and GNP/MWCNT/PLA composite
melts for 6% filler contents.

and shifted to higher relaxation times in comparison with pure polymer spectra. The
weight of the spectrum, [, for this composite is similar to that of the neat PLA at low
relaxation times. This supposes that incorporating of GNP, due to presence of GNP
in the polymer, causes local changes in polymer relaxation behavior. The polymer-
nanofiller interactions are not very strong; thus they have a weak effect on the global
polymer relaxation. In the case of ternary nanocomposites, the relaxation spectra in
the entire time range demonstrate a shift of curves to a higher relaxation time. The
weight of the spectra increases by several decades compared to pure PLA, indicat-
ing that the mobility of the polymer chains is significantly reduced. We purpose that
this effect begins to become more significant beyond the percolation threshold of the
nanocomposites under study, where particle-to-particle interactions begin to domi-
nate, which is confirmed by increasing values of H in comparison with pure PLA,
which are summarized in Table 4. Therefore, GNP/MWCNT/PLA have a more pro-
nounced effect on the spectral shifts than GNP/PLA. The incorporating of function-
alized MWCNT at GNP/MWCNT/PLA nanocomposites leads to stronger interfacial
interaction, which is the reason for shifts relaxation spectrum to higher H. In our
previous study, we found that the Nanocyl 7000 was functionalized with -OH and
-COOH groups by oxidation [13].
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3.2 MICROSTRUCTURE AND MORPHOLOGY OF NANOCOMPOSITES
3.2.1 XRD CHARACTERIZATION

Figure 5 pattern (a) shows the XRD patterns of the PLA film. The pattern of neat
PLA has a wide halo suggesting an amorphous structure with very low crystallinity
peak, positioned at 20 around 16.5°. The peak at 16.5° is assigned to the lattice
plane (200) or (110) of orthorhombic a-crystalline phase of PLA [12, 13]. Figure 5
pattern (b) shows the XRD patterns of GNP filler. The GNP exhibits an intense sharp
peak at 20 value of "26.2°, which according to the Bragg’s law indicating that the
distance between graphitic layers is about 3.4 A [14—16]. That is characteristic of the
spacing between graphene units in the 002 plane. Another peak which GNP shows
is at 20 ~ 54.6° (d004) of graphite [17]. The observed XRD pattern of GNPs is in
very good agreement with previous researches [17,18]. Figure 5 pattern (c) illustrates
the diffractograms of MWCNTSs. The peak located at 25.22° and 42.82° could be
identified to the reflection from the (002) and (100) planes of carbon in hexagonal
structure, corresponding to an inter planar space of 3.53 A and 2.11 A, respectively.
The results confirm the highly graphitic structure of CNT powder.

Figure 5 pattern (g) illustrates the diffractograms of GNP/PLA with 6% nanofiller
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Fig. 5: XRD results of 6% total amount of carbon filler (GNP/PLA and
GNP/MWCNT/PLA in PLA nanocomposites, as varying the filler content and com-
bination.
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content. A small peak at 16.5° was observed in the broad amorphous halo for the neat
PLA, indicating the semi-crystalline behavior. While this crystalline peak disappears
and only an amorphous hallo appears in this 20 region for the nanocomposites, indi-
cating that the PLA has predominantly an amorphous microstructure in the nanocom-
posites. With incorporation of the 6% GNP filler, the crystallinity disappears. From
the comparison between the diffractograms of GNP/PLA and GNP/MWCNT/PLA in
term of the intensity of peak at 26.6°, which is an indication for the presence of GNP,
is observed that the incorporation of MWCNT and its increment in GNP/MWCNT/PLA
leads to reducing of the intensity of this peak. This indicates that there is a better
dispersion of the graphene agglomerates to smaller size or single graphene stacks
in the nanocomposites due to the presence of MWCNT. However, the thickness of
graphene stacks is not changed therefore they are hardly to be exfoliated in the PLA
matrix [13]. The intensity of peak at 26.6° could be related with hypothetical restack-
ing of pristine GnPs due to their van der Waals and strong 7—m interactions. The
basal peak position remains the same for GNP in comparison to natural graphite re-
ported in the literature [18-22], suggesting that the spacing between the platelets in
the nanocomposites has not increased considerably. This indicates that the stacked
layers of graphene have survived (not further exfoliated) during melt-mixing. Similar
observations have been reported by Sabzi et al. [18] and Narimissa et al. [23].

Figure 5 (d), (e) and (f) shows the XRD patterns of the bi-filler composite with
total amount of 6% filler content. A small peak around 26.6° which corresponds
to characteristic peak of GNP start emerges at low % of GNP loading in GNP/
MWCNT/PLA nanocomposites, showing that the graphene layer is unable to dis-
perse or completely separate and some sheets are still present in stacks form. The
intensity of this peak increases as the GNP loading increases. The increased intensity
recorded at higher GNP loading could be attributed to the higher number of graphene
layers organized in stacks. Similar results have been previously reported and the
peak observed of reduced intensity was associated to a lower number of graphene
stacks [24].

3.2.2 TEM MORPHOLOGICAL ANALYSIS

Morphological analysis of nanocomposites is performed by transmission electron mi-
croscopy (TEM), in order to visualize the degree of dispersion and structural organi-
zation of the fillers in the PLA matrix for GNP/PLA and GNP/MWCNT/PLA com-
posite for 6% total filler contents.

The example micrographs of nanocomposites at 6% GNP/PLA (Fig. 6(a)), which
is associated with percolation, and 4.5% GNP/1.5% MWCNT/PLA (Fig. 6(b)), 3%
GNP/3% MWCNT/PLA (Fig. 6(c)) and 1.5% GNP/4.5% MWCNT/PLA (Fig. 6(d)),
are compared in Fig. 6. All images are compared at the same magnification. As
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(©) (d

Fig. 6: TEM micrographs of 6 wt.% nanocomposites, as following: (a) 6%
GNP/PLA; (b) 4.5% GNP/1,5% MWCNT/PLA; (c) 3% GNP/3% MWCNT/PLA;
and (d) 1.5% GNP/4,5% MWCNT/PLA.

seen, the state of dispersion and the filler distribution at 6 wt.% total filler con-
tent depend strongly on the type and the concentration of the filler. At GNP/PLA
nanocomposites, the GNPs demonstrate an aggregated structure with broken conti-
nuity consisting of large graphene particles. The GNP particles seem to be dispersed
in thick stacks. In contrast, in the micrograph in Fig. 6(d), the 1.5% GNP/4.5%
MWCNT/PLA nanocomposite has the homogeneous network structure of well-dis-
persed fillers in the polymer matrix. This effect is observed due to the presence of
MWCNT and good compatibility between the fillers, which leads to better wetting
of the matrix, and results to better degree of dispersion the fillers. To compare all
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6% nanocomposites, we can conclude that the incorporation of MWCNT filler and
its increment, and the respective decrease of GNPs in GNP/MWCNT/PLA nanocom-
posites leads to an improved degree of dispersion in the PLA matrix, compared to the
GNP/PLA nanocomposites. These results confirm the rheological findings and the
XRD results above.

3.3 1ZOD IMPACT TEST

One of the methods for testing mechanical properties in the sample’s volume is the
Izod Impact test, i.e. rapid deformation test [25-27], which is also a method for test-
ing polymer-based materials [25,28,29]. The mechanical testing methods usually
applied in mechanical studies-examination of tensile strength, compressive strength,
flexural or bending strength and their inherent derivatives moduli of elasticity, Pois-
son’s ratios, energies of destruction, etc. have already been performed and detailed
reported in previous publications of our group [6, 13,30-33]. The Izod test is used to
assess the relative impact stability of materials and is often used for quality control
due to its quickness and economy. Izod Impact test is a very useful measurement for
understanding the basic fracture mechanics of a material, as they measure the amount
of energy that is absorbed by a material before failure, the total amount of energy re-
quired to initiate a fracture in the material from impact and propagate it through the
full length of the material in one cycle.
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Fig. 7: Izod Impact test results of 6% total amount of carbon filler (GNP/PLA and
GNP/MWCNT/PLA in PLA nanocomposites, as varying the filler content and com-
bination.
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Table 5: Data of Impact strength for PLA nanocomposites with GNP and
GNP/MWCNT

Sample Impact strength [J/m] Error [%]
Pure PLA 2.27 +0.09
6% GNP/PLA 2.50 +0.19
4.5% GNP/1.5% MWCNT/PLA 2.64 +0.03
3% GNP/3% MWCNT/PLA 2.39 +0.10
1.5% GNP/4.5% MWCNT/PLA 2.95 +0.18

The results of Izod impact tests for pure PLA and composites with 6% of filler
concentration are presented in Table 5 and shown in Fig. 7. It is found that GNP
and MWCNT addition improved the Izod impact strength of PLA composites. This
shows that the incorporation of both fillers into the matrix provides successful re-
inforcement. For GNP/MWCNT/PLA nanocomposites the impact strength raises as
the MWCNT loading increases, and the GNP loading decrease, respectively. At 1.5%
GNP/4.5% MWCNT/PLA is achieved the highest increment of Impact strength. A
possible reason for enhancement could be a better dispersion of MWCNT in poly-
mer matrix and strong interfacial polymer-filler interaction related to the distinct
hybrid structure between GNP, MWCNT and polymer chains. 1.5% GNP/4.5%
MWCNT/PLA shows the highest impact strength, which is confirmed by the results
obtained from rheological studies, namely that 1.5% GNP/4.5% MWCNT/PLA has
the highest degree of dispersion and the highest H values, which is associated with
strong interfacial interaction.

3.4 RHEOLOGY-—STRUCTURE—PROPERTIES RELATIONSHIP

For a better understanding of the rheology-structure-properties relationship, the ef-
fect of structural variables percolation, a state of the filler dispersion in the polymer
matrix and the polymer-filler interfacial interactions are studied due to their essen-
tial importance in evaluating the quality, functionality and optimization of the final
nanocomposite product. By the calculation of n (slope of the theoretical curves,
when they coincide with the experimental points (G’ ~ w™), in the low-frequency
region), were determinate that all measured samples are reached percolation. From
the results for n, we can also observe that as the MWCNT concentration increases, n
decreases gradually and leads to a raised degree of dispersion. For 1.5% GNP/4.5%
MWCNT/PLA is observed the lowest value of n, i.e. the highest state of dispersion
of fillers. The results of Izod impact tests for 1.5% GNP/4.5% MWCNT/PLA is re-
sulted the highest increment of Impact strength. A possible reason for enhancement
could be a better dispersion of MWCNT in polymer matrix and strong interfacial in-
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teraction related to the distinct hybrid structure between GNP, MWCNT and polymer
chains. 1.5% GNP/4.5% MWCNT/PLA shows the highest impact strength, which is
confirmed by the results obtained from the relaxation spectra which 1.5% GNP/4.5%
MWCNT/PLA has the highest degree of dispersion and the highest H values, which
is associated with strong interfacial interaction. Based on the performed charac-
terization of GNP/PLA and GNP/MWCNT/PLA nanocomposites, the relationship
“rheology-structure-properties” has been established.

4  CONCLUSION

Investigation of rheological, TEM, XRD and Impact characteristics of the PLA nano-
composites with 6% total amount of GNP and GNP/MWCNT fillers is used as a
tool for evaluating of dispersion, interfacial interaction, and mechanical properties
as an important precondition for reliable results. It is reasonable to conclude that
the significant improvement of rheological, structural, and mechanical properties for
PLA-based nanocomposites is attributed to the reinforcement effect of carbon fillers
reinforced homogeneously PLA matrix.
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