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ABSTRACT: The synergistic effect of using two carbon nanofillers in PLA die
on the nanocomposites mechanical properties was studied in the present work.
The polylactic acid is relatively brittle and semi-crystalline polymer selected to
be used as matrix because of its biodegradable features. It was modified with
graphene nanoplatelets (GNP) and multiwall carbon nanotubes (MWCNT) by
means of melt extrusion preparation method. The maximum flexural stress
and tangent modulus of elasticity of 3D printed nanocomposite samples were
defined by three-point bending experiments using UMT-2 equipment. It was
found that some compounds, incorporated with both graphene and carbon nan-
otubes in the PLA structure, exhibit better mechanical performance comparing
to the nanocomposites loaded with single carbon nanofiller. SEM analysis was
made to assess the carbon fillers dispersion.

KEY WORDS: polylactic acid, composites, synergism, three-point bending,
SEM analysis.

1 INTRODUCTION

Three-point bending analysis represents nowadays one of the main techniques for
macromechanical characterization of wide range of materials as polymer-based nano-
composites, porous metal oxide films, epoxy resin, ceramics or heterogeneous struc-
tural materials [1-5]. The method consists of crosshead motion of a loading nose
onto the flatwise sample operating at constant force rates. Considering composites
loaded with graphene or other carbon material the three-point bending appears to
be a really valuable tool for the evaluation of flexural modulus and elastic modulus
enhancement upon incorporation of the filler [6].

Polymer matrix composites suggest high flexural strength and elasticity [7]. More-
over, they are relatively more susceptible for precise uniform manufacturing of com-
plex preshaped products [8]. Recently, the polylactic acid-based composites are
widely studied and used because of their mechanical and biodegradable properties
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[9,10]. Considerably features’ enhancement can be obtained by reinforcing the poly-
mer with relatively small amounts of nanomaterials, which are nanosized at least in
one dimension [11]. It have been found that the graphene sheets consist of wrinkled
structures and in between the wrinkles there are sections having surface roughness
of ~ 4-5 A. This surface roughness could present a preferential nucleation site for
crystalline phases when graphene is dispersed in a polymer matrix [12]. That poten-
tial change of polymer’s crystallinity can have impact on the mechanical properties
of the composite.

Three point bending test method has been used to study the effect of nanoclay
addition into epoxy matrix on the mechanical properties of hybrid carbon/fiberglass
composites [13], fatigue properties of carbon fiber epoxy matrix composite lami-
nates [14], flexural strength and modulus of hybrid green composites [15] and flex-
ural strength profile of PLA composites with cellulose and bronze as additives [16].
The impact of polycaprolactone (PCL) and silicon carbide (SiC) contents on the flex-
ural properties and fracture toughness of PLA/PCL/SiC composites was investigated
using three-point bending test configuration [17]. It has been found that the elas-
tic modulus of PLA decreased after the introduction of PCL but increased after the
addition of SiC whiskers.

In another article [18], the influence of aerographite thermal treatment on the
mechanical performance of aerographite-epoxy nanocomposite by determining the
fracture toughness in three-point bending tests has been investigated. The effect of
GNPs on the flexural properties of HDPE-based nanocomposite was reported to be
significant at 1 wt% graphene content [19]. The decline in flexural strength at 2
and 3 wt% GNPs loading has been explained with an additional stress accumulation
mechanism caused by increasing of nanocomposite pores size as well as by aggre-
gates formation of graphene particles in the in-plane level. The combination of high
aspect ratio of CNTs and larger surface area of GNPs has an important contribution
to the synergistic effect of nanofiller hybrids concerning the mechanical properties of
epoxy composites [20].

The current literature on instrumented mechanical testing provides apparently
conflicting information on the synergistic effect of polymer nanocomposites as re-
gards the mechanical properties. Moreover, there is a lack of research papers dedi-
cated to mechanical properties assignation of PLA-based composites modified with
carbon nanofillers by using three-point bending technique. Bending damage com-
monly occurs when the nanocomposite components are used for different engineer-
ing applications. However, the knowledge on the bending properties of polymer
nanocomposites is still very limited. Therefore, in this paper, we report on the three-
point bending properties of GNPs and MWCNTs reinforced PLA-based composite.
This approach might be accepted as a novelty considering the chemical and physical



24 Evaluation of the Macromechanical Properties of PLA-Based ...

features of semi-crystalline hydrophilic polymer. In the present study, the synergistic
effect of graphene nanoplatelets and multiwall carbon nanotubes on the mechanical
properties enhancement of biodegradable polymer composites has been investigated
by employing three-point bending test method.

2 EXPERIMENTAL
2.1 MATERIALS

Ingeo™Biopolymer PLA-3D850 with MFR 7-9 g/10 min (210°C, 2.16 kg) was pur-
chased from Nature Works. TNIGNP-Industrial Graphene nanoplatelets — average
thickness < 30 nm and diameter of ~ 5-7 pm; purity 90% and TNIMH4-OH func-
tionalized MWCNTSs (TNIMH): OD: 10-30 nm; Length: 10-30 zzm; SSA = 110 m?/g;
EC > 100 S/cm; purity 95% were supplied from TimesNano, China.

2.2 PREPARATION AND CHARACTERIZATION METHODS

Monofiller (GNP/PLA and MWCNT/PLA) and bifiller (GNP/MWCNT/PLA) com-
pounds have been made by means of melt extrusion technique. Some details regard-
ing the fabrication of composites and filaments are described in previous publica-
tions [21,22]. Strips with geometry 60 x 12 x 2.4 mm, printing density of 100%
and possessing very low roughness were prepared by 3D printing using filament with
diameter of 1.75 mm and applying FDM technique and layer-to-layer deposition.
The set of samples was made with German RepRap X-400 Pro 3D printer having
two printing heads and equipped with Simplify3D slicer. The specimens were laid
down in flat build orientation under nozzle temperature of 210°C, layer thickness of
0.25 mm and printing speed of 2600 mm/min. All samples were held in a vacuum
package or in desiccator in order to protect them from air humidity. The composites
analyzed by three-point bending are listed in Table 1.

The morphology of the PLA-based nanocomposites was observed by a scanning
electron microscope (SEM, SH 4000M, Hirox, USA). 3D printed samples were im-
mersed in liquid nitrogen, then cut to get visibility of the inner layers in cross-section
surface and finally coated with gold (layer thickness “200 ) using a sputter coater
(Q150RS plus, Quorum, USA).

Three-point bending tests were made on UMT-2 Universal Tester (modular sys-
tem) developed by Bruker. All experiments were performed with 1-100 kg (1000 N)
force sensor utilizing a three-point loading system applied to a simply supported
3D printed sample. The essential parameters as maximum flexural stress and tan-
gent modulus of elasticity (or bending Young’s modulus) were defined according to
ASTM standard test methods (D 790-07) for flexural properties of unreinforced and
reinforced plastics, including high-modulus composites in the form of rectangular
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Table 1: List of composites tested by three-point bending technique

No Sample index PLA content MWCNT content GNP content
(Wt%) (wt%) (Wt%)

1 PLA 100 — —

2 3MWCNT 97 3 —

3 6MWCNT 94 6

4 OMWCNT 91 9 —

5 12MWCNT 88 12 —

6 3GNP 97 — 3

7 6GNP 94 — 6

8 9GNP 91 — 9

9 12GNP 88 — 12
10 1.5GNP1.SMWCNT 97 1.5 1.5
11 1.5GNP4.5SMWCNT 94 4.5 1.5
12 3GNP3MWCNT 94 3 3
13 4.5GNP1.SMWCNT 94 1.5 4.5
14 3GNP6MWCNT 91 6 3
15 6GNP3MWCNT 91 3 6
16 3GNPOMWCNT 88 9 3
17 9GNP3MWCNT 88 3 9
18 6GNPOMWCNT 88 6 6

bars. Flexural strength cannot be determined for those materials that do not break or
that do not fail in the outer surface of the test specimen within the 5.0% strain limit of
these test methods. The sample is deflected until rupture occurs in the outer surface
of the test specimen or until a maximum strain of 5.0% is reached, whichever oc-
curs first. Midspan deflection and rate of crosshead carriage motion were calculated
prior to each test and the relevant values were inserted in a script of the instrumental
software, see Eq. (1) and (2).
ZI?

) R:W’

where R is the rate of crosshead motion [mm/min], L is the support span [mm], d is
the depth of beam [mm], and Z is the rate of straining of the outer fiber [mm/mm/min].
Z shall be equal to 0.01.

rL?

2) D=,

where D is the midspan deflection [mm], r is the strain [mm/mm)], L is the support
span [mm], d is the depth of beam [mm].
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The test should be terminated when the maximum strain in the outer surface of the
test specimen has reached 0.05 mm/mm or at break if break occurs prior to reaching
the maximum strain. The deflection at which this strain will occur may be calculated
by letting r equal 0.05 mm/mm. For flat-wise tests the support span shall be 16
(tolerance +1) times the depth of the 3D printed strip. When a homogeneous elastic
material is tested in flexure as a simple beam supported at two points and loaded at
the midpoint, the maximum stress in the outer surface of the specimen occurs at the
midpoint. This stress may be calculated for any point on the load-deflection curve by
means of the following equation:

__3PL
2bd?
where o is stress in the outer fibers at midpoint [MPa], P is load at a given point on
the load-deflection curve [N], L is the support span [mm], b is width of beam [mm],
d is the depth of beam [mm].

The tangent modulus of elasticity is the ratio, within the elastic limit, of stress
to corresponding strain. It is calculated by drawing a tangent to the steepest initial

(3) of

Fig. 1: Experimental set-up of three-point bending analysis using UMT-2 equipment.
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straight-line portion of the load-deflection curve and using Eq. (4):

L3m

4 Ep=—"
® 5T d

where F'p is modulus of elasticity in bending [MPa], L is the support span [mm], b
is width of beam [mm], d is the depth of beam [mm], m is slope of the tangent to the
initial straight-line portion of the load-deflection curve [N/mm] of deflection.

A representative image of the experimental set-up during three-point bending test
over PLA-based nanocomposite strip is shown in Fig.1.

3 RESULTS AND DISCUSSION
3.1 THREE-POINT BENDING ANALYSIS

The most important result of each one three-point bending test is the calculation
of maximum flexural stress (MFS) and tangent modulus of elasticity (TME) of the
material. These parameters are derived by the relevant stress-strain curve received
after the experiment using the instrument software. The effect of 12 wt% carbon filler
loading in PLA matrix on the stress-strain curves of the nanocomposites compared to
the neat polymer is presented in Fig. 2. The slopes of o— in the initial linear elastic
regime are indicative regarding the obtained values of tangent modulus of elasticity
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Fig. 2: Typical stress-strain curves showing different linear elastic portion and frac-
ture point, respectively, for pure PLA, 12 wt% GNP/PLA and 12 wt% MWCNT/PLA
nanocomposites.
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whereas the stress level of fracture point defines the maximum flexural stress of the
specimen.

It can be seen that the impact of carbon nanotubes on the curve describing the de-
pendence of MFS on nanocomposite loading is greater than the influence of graphene
nanoplatelets, especially at 3 wt% and 9 wt% MWCNTs loadings (Fig. 3a). This is
due to the interfacial polymer-filler interaction related to the distinct hybrid struc-
ture between MWCNTSs and polymer chains [23]. The registered slightly lower MFS
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Fig. 3: Maximum flexural stress (a) and tangent modulus of elasticity (b) of PLA-
based nanocomposites having single carbon filler in the hybrid structure.
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value of the composite 9 wt% GNP/PLA was assigned to relatively poor filler disper-
sion fortunately not affecting the obtained tangent modulus of elasticity. The values
of tangent modulus of elasticity (TME) are getting higher for both MWCNT/PLA
and GNP/PLA nanocomposites with increasing carbon nanofiller loading (Fig. 3b).
Nevertheless, the effect of graphene on that macromechanical feature of the com-
posite is a bit more significant as 60% improvement of TME was registered with
rising filler loading up to 12 wt% GNPs concentration. It should be mentioned the
clearly noticeable elasticity of the samples modified with graphene nanoplatelets in
the experimental running of bending process.

Among the nanocomposites having overall 3 wt% and 6 wt% carbon loading pre-
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Fig. 4: Maximum flexural stress (a) and tangent modulus of elasticity (b) of
GNP/MWCNT/PLA nanocomposites with overall 3 wt% and 6 wt% carbon loading.
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sented in Fig. 4a it should be mentioned the higher MFS belonging to the samples
with greater concentration of MWCNTs in PLA matrix as the monofiller compound
3 wt% MWCNT/PLA and the bifiller compound 1.5 wt% GNP/4.5 wt% MWCNT/PLA.
The flexural properties of the latter are distinct evidence about the presence of syner-
gistic effect of both carbon nanofillers incorporated in the polymer base. Maximum
flexural stress improvement of the nanocomposites containing carbon nanotubes was
not surprising in terms of the exceptional hardness possessed by that filler [24].

Better elasticity of the nanocomposites with rising graphene concentration can
be seen in Fig. 4b reflecting in TME values above 2 GPa for the samples 6 wt%
GNP/PLA and 4.5 wt% GNP/1.5 wt% MWCNT/PLA. Among the samples having
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Fig. 5: Maximum flexural stress (a) and tangent modulus of elasticity (b) of
GNP/MWCNT/PLA nanocomposites with overall 9 wt% and 12 wt% carbon loading.
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3 wt% carbon filler content, the composite 3 wt% MWCNT/PLA showed significant
macromechanical properties that might be due to excellent nanofiller dispersion. Two
nanocomposites having 9 wt% carbon filler in PLA matrix demonstrated excellent
flexural strength — 9 wt% MWCNT/PLA and 6 wt% GNP/3 wt% MWCNT/PLA, see
Fig. 5a.

The noticed bifiller composite as well as the mixed compound 6 wt% GNP/6 wt%
MWCNT/PLA possess sensibly higher modulus of elasticity compared to the pure
polymer, as shown in Fig. 5b. The received comparatively low MFS and TME
values concerning several nanocomposites as 9 wt% GNP/PLA and notably 3 wt%
GNP/6 wt% MWCNT/PLA could be due to shear deflections related to worst carbon
nanoparticles distribution that resulted in reduction of the apparent flexural proper-
ties. Exceptional modulus of elasticity can be seen for the nanocomposite 12 wt%
GNP/PLA (Fig. 5b). This fact is anticipated outlining the graphene material rein-
forcement and can be consistent with the homogeneous carbon filler distribution in
PLA matrix reached by melt extrusion technique.

3.2 SCANNING ELECTRON MICROSCOPY ANALYSIS

SEM microscopy has been applied to do morphological characterization of carbon
nanotubes inserted in polymer-based nanocomposites [25]. The micrographs pre-
sented in Fig. 6 were made by focusing the instrument over cross-section sample
surface. The received SEM images of bifiller nanocomposites 3 wt% GNP/3 wt%
MWCNT/PLA (Fig. 6a) and 6 wt% GNP/6 wt% MWCNT/PLA (Fig. 6b) revealed
good uniform distribution of carbon nanoparticles within the PLA matrix. It can
be seen that the combination of both nanofillers forms an interconnected network

Fig. 6: SEM micrographs of 3 wt% GNP/3 wt% MWCNT/PLA (a) and 6 wt%
GNP/6 wt% MWCNT/PLA (b) nanocomposites.
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in the polymer matrix that leads to unique synergetic effect in the improvement of
macromechanical properties of the as prepared nanocomposites.

4 CONCLUSIONS

Applying three-point bending as macromechanical method was met to disclose the
synergistic effect of graphene and carbon nanotubes on the mechanical properties of
PLA-based nanocomposites. Good carbon nanoparticles distribution in the polymer
matrix was confirmed by SEM analysis of the composites having mixed GNPs and
MWCNTs loading. Generally, the graphene filler improves the elastic properties of
nanocomposites whereas the carbon nanotubes are responsible for higher rigidity of
the compounds. Three-point bending analysis revealed distinct indications of syn-
ergism regarding the mixed nanocomposites 6 wt% GNP/3 wt% MWCNT/PLA and
6 wt% GNP/6 wt% MWCNT/PLA. This mechanical reinforcement of the nanocom-
posites is probably related to the structure and particle geometry of the hybrid fillers,
the interactions between the fillers, the impact of carbon nanoparticles concentration
and the processing method. According to melt extrusion process and evidenced by
SEM analysis, the graphene and the carbon nanotubes seem to be highly dispersed in
the composite structure.
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