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a b s t r a c t

Free-standing biocomposites were fabricated by solvent casting and hot-pressing employing two bio-
polyesters having diverse elastic (Young's) moduli (soft and hard), reinforced with different graphene
nanoplatelets (GnPs). Systematic mechanical measurements were conducted to investigate the effect of
GnP thickness and lateral size on the elastic moduli. Comparisons were made with other reinforcing
nanostructured filers such as organoclay, MoS2, Fe2O3, carbon black and silica nanoparticles. Upon sol-
vent casting, GnPs did not perform better than the other model fillers in increasing the elastic modulus of
the soft bio-polyester. Upon hot-pressing however, large (>300 nm) multi-layer GnPs (�8 layers) more
than doubled the elastic modulus of the soft bio-polyester matrix compared to other GnPs and fillers.
This effect was attributed to the optimized alignment of the large 2D GnP flakes within the amorphous
soft polymer. In contrast, hot-pressing did not yield superior elastic modulus enhancement for the hard
bio-polyester when hot-pressed. GnPs only induced 30% enhancement for both processes. Moreover,
multi-layer large GnPs were shown to suppress the thermally-induced stiffness reduction of the soft bio-
polyester near its melting temperature. A theoretical analysis based on the spring network model is
deployed to describe the impact of the GnP alignment on the elastic moduli enhancement.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Nanoscale hybrid materials made up of graphene bio-
composites, demonstrate enormous research and development
potential due to the fact that graphene can considerably enhance
and even eliminate various drawbacks associated with bio-based
polymers, rendering them next generation green composites
[1e5]. However, as in the case of synthetic polymer-graphene
composites, such new properties emerge only when graphene is
well dispersed and in the form of single or few-layer flakes, which
is quite challenging to maintain [6,7]. Nonetheless, multi-layer
graphene (MLG) flakes, generally referred to as graphene
nanoplatelets (GnPs) or exfoliated graphite flakes, with properties
in between single layer graphene (SLG) and graphite, are being
widely used to design polymer nanocomposites with many inter-
esting properties [7e11]. This has been made possible by the
recent developments in synthesizing GnPs in large scales [12,13].
Apart from their electrical properties, GnPs have been employed as
reinforcing agents for tuning stiffness of polymers [5,14e16]. For
instance, at low nanoscale filler contents GnPs were shown to
perform significantly better than carbon nanotubes in terms of
enhancing a variety of mechanical properties including tensile
strength, elastic modulus, fracture toughness, fracture energy and
resistance to fatigue and crack growth [17]. There are still many
open fundamental issues related to interaction of graphene flakes
with polymer matrices such as polymer-graphene interface in-
teractions and segregation [18]. Review of literature indicates that
the geometry of the GnPs is considered to be the key parameter for
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the elastic modulus enhancement and reinforcement [19]. For
instance, it was shown that the 2D nature of the nanoflakes is the
major reason for stiffening due to enhanced specific surface area of
GnPs and improved mechanical interlocking/adhesion at the filler-
matrix interface [17,20]. In particular, contradictory results
(worsening or enhancing of elastic moduli) have been reported on
the effect of the average lateral size and the thickness of the GnPs
on the final mechanical properties of polymeric matrices
[19,21,22]. Moreover, as a rule of thumb, elastic modulus of a
reinforced polymer is strongly dependent on the degree of
dispersion as well as directional alignment of the fillers inside the
matrix [23]. For polymer-graphene composites, directional align-
ment of GnPs has been reported to favor enhanced mechanical
properties [24,25]. Another important aspect is the chemical
interfacial interactions between the polymeric matrix and the
graphene flakes [26]. Several works reported that properly func-
tionalized graphene flakes forming strong chemical interactions
with the polymer results in favorable reinforcing effect on the
elastic modulus [17,27e29]. However, it is still very difficult to
single out effects of geometry, alignment and chemistry of the
GnPs from one another during the interpretation of elastic
modulus changes in polymer-GnP composites. This is further
complicated by the type of polymer matrix to be used like ther-
moplastic or thermosetting, crystalline, semi-crystalline or amor-
phous polymers [30e32].

In the case of thermoplastic polymers and biopolymers, non-
conductive graphene oxide (GO) [33,34] has been used exten-
sively to fabricate nanocomposites particularly with water soluble
biopolymers [5,8,35e43]. In most cases, nanocomposites in the
form of hydrogels for biomedical applications were developed
utilizing GO or reduced graphene oxide (RGO) [35,36,40,42]. On
the other hand, there are various promising polyester-based bio-
polymers that have been developed with the aim to replace certain
oil based polyesters [44e47]. Among them, polylactic acid (PLA)
and polycaprolactone (PCL) have been industrialized [48]. Inter-
action of various forms of graphene-based materials (e.g., GO, RGO
etc.) with these polymers has been recently considered important
due to the fact that graphene as an additive could reduce or
eliminate many drawbacks associated with these bio-polyesters
such as poor thermal properties, unacceptably low levels stiff-
ness and poor water and gas barrier properties [31,48]. So far, little
attention has been paid towards the comparative aspects of using
various forms of GnPs in thermoplastic linear chain bio-polyesters
processed by thermoforming.

Hence, the aim of this study is to investigate the effect of size
and geometry of various GnPs on the elastic modulus of two
industrially important types of bio-polyesters, namely, Mater-Bi®

(soft matrix) and PLA (hard matrix). Systematic comparative mea-
surements were also carried out with other 2D and 3D nanoscale
additives such as organoclays (nanoclay), molybdenum disulfide
(MoS2), carbon black (CB), nano-silica (SiO2) and iron oxide (Fe2O3)
in order to distinguish and differentiate the real effect of GnPs on
the elastic moduli of the two types of biopolymers. Our experi-
mental results are also corroborated from the theoretical point of
view with the nanocomposite polymer reinforcement modeled
using a spring-net model under uniaxial load [49]. The strain fields
inside thematrix and the effective elastic moduli are calculated and
compared to the experimental data. The calculations provide a
microscopic illustration for the observed polymer reinforcement
and allow rationalizing the results. Moreover, for the soft bio-
polyester matrix, the reduction of the elastic modulus due to
heating near melting point is considerably reduced by the presence
of GnPs with a large lateral size.
2. Experimental section

2.1. Preparation of GnPs

Fabrication of G 3-130 flakes: The graphite flakes (þ100 mesh,
�75% min) and N-Methyl2pirrolidone (NMP) (99.5% purity) were
purchased by Sigma-Aldrich and used without further purification.
We exploited the liquid phase exfoliation (LPE) of graphite to
produce the graphene inks in NMP. For this scope 10 g of graphite
flakes was dispersed in 1000 ml of NMP and ultrasonic processed
(VWR®) for 6 h. The resulting dispersionwas then ultra-centrifuged
at ~16000 g in a Beckman Coulter Optima™ XE-90 (SW32Ti rotor)
and exploiting sedimentation-based separation we removed the
thick flakes and un-exfoliated graphite [50e52]. Afterward, we
collected the 90% of the supernatant by pipetting. Subsequently, the
as-obtained dispersion is dried using a rotary evaporator (Hei-
dolph® mod. HeiVap Presition MLG6) set at 70 �C and a vacuum of
2mBar obtaining a powder.

Fabrication of G 3-120 flakes: 10 g of graphite flakes was
dispersed in 1000 mL of NMP and ultrasonic processed (VWR®) for
6 h. The resulting dispersion was then successively ultrasonic
processed for another hour by using a sonic tip (Branson digital
sonifier) adjusted at 45% power. The suspension is let to decant
overnight and the 70% of the supernatant is pipetted. Afterwards
the as-produced dispersion is dried using a rotary evaporator
(Heidolph®mod. HeiVap PresitionMLG6) set at 70 �C and a vacuum
of 2mBar obtaining a powder.

G 9-410 flakes were purchased from Strem Chemicals (product
number 06-0210). G 21-340 and G 8-600 were donated by Directa
Plus (respectively grade Ultra Gþ and Pure Gþ). Fabrication details
of G 6-50 flakes are given elsewhere [53]. Carbon Black from Cabot
grade N330 was donated by Directa Plus. Iron(III) oxide (powder,
product number 310050) was acquired from Sigma-Aldrich. Fumed
hydrophobic silica nanoparticles (Aerosil R812; 230e290 m2/g,
BET) were purchased from Evonik Inc. Molibdenum(IV) sulfide
(powder, product number 234842) was ordered by Sigma-Aldrich.
Nanoclay, surface modified containing 0.5e5 wt% amino-
propyltriethoxysilane and 15e35 wt% octadecylamine was ob-
tained by Sigma-Aldrich (product number 682632). Mater-Bi®

bioplastic (grade Z) is a product of Novamont S.p.A, Italy. PLA was
purchased from Nature works LLC Company (Ingeo™ Biopolymer
2003D). Chloroform was acquired from Sigma-Aldrich. It was
employed to dissolve the biopolymers. 0.625 g of bioplastics was
used for the solvent cast films. The amount of chloroform was
different for the MB and the PLA matrixes. We employed 5 ml for
the first biopolymer and 10 for the second. These parameters were
fixed taking into account the viscosity of the obtained solution. In
fact, viscosity is a key parameter to ensure a good dispersion when
the fillers were added and mixed by tip-sonication (750 W, 40%
amplitude, 20 kHz, six-eight times for 15 s using a Sonics & Ma-
terials, Inc. Model Num. VCX750) and drop cast in Teflon petri
dishes (7.5 cm diameter). Note that when the polymer-GnP solu-
tions were prepared they were sonicated for a short duration (15 s)
in order to enable dispersion in solution. This is not expected to
create any significant defect in the GnPs however some flakes can
break down into smaller ones which is reflected in the final lateral
size distribution that is used to identify different fillers. The
resultant solutionwith PLA biopolymer was more viscous therefore
we employed more chloroform. To prepare the hot pressed sam-
ples, all the solid and solvent quantities were doubled (1.25 g of bio-
polyesters, 10 ml and 20 ml of CHCl3 respectively for the Mater-Bi®

and PLA solution). In this way, both solvent cast and hot pressed
samples had a thickness of approximately 100 mm. After drying
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overnight, the films were placed in an oven at 120 �C for 4 h to
ensure complete solvent evaporation. The solvent cast samples
were then ready for measurements (see Fig. 1). For the hot pressed
ones another step was needed: The samples were pressed (15 bar)
for 4 min at a temperature of 175 �C. For each kind of filler and
concentration minimum of five samples were tested. Non-stick
Teflon films (Advent Research Materials, Art. Num. FP823338)
were used during the hot-pressing process to prevent possible
sticking of the composites on the surfaces of the press. The hot-
pressing was performed using a Specac-Atlas Power Presses T8 or
a Specac-Atlas 15T Manual Hydraulic press. All samples contained
0.1, 1, 3 and 5 wt% fillers on dry basis.

2.2. Mechanical characterization

To determine the Young's Modulus, a tensile tester (Instron
3365) was used. Samples were stretched by applying a strain rate of
1 mm min�1 for PLA and 10 mm min�1 for Mater-Bi®. Elastic
(Young's) moduli of the pure PLA and Mater-Bi® matrix produced
with the two fabrication methods are reported in Table S1. The
Young's moduli of the samples were experimentally determined
from the slope of stressestrain curves obtained during tensile tests.
1% and 0.5% of strain were imposed in the case of soft and hard
matrix, respectively. The extension rate was 0.5 mm min�1, with a
gauge length of 10 mm. Before the tensile test, the samples were
heated up for 3 min on a digital hotplate set at the desired tem-
perature. In all cases, at least three samples were tested fromwhich
the mean and standard deviation were calculated. A micrometer
fromMitutoyo (series 293) was utilized to determine thicknesses of
samples.

2.3. Electron microscopy: transmission electron microscopy (TEM)
and scanning electron microscopy (SEM)

The morphology of the 2D and 3D fillers used in this study were
analysed by TEM (JOEL JEM 1011 instrument with an acceleration
voltage of 100 kV). For this study, the samples were dispersed in
NMP and 20 mL dropped on copper grids (200 mesh), which were
then dried under vacuum overnight. The statistical analysis of the
lateral sizes was based on measurements on 150 flakes using
Fig. 1. Photograph of different solvent-cast composite films from PLA and Mater-Bi®

biopolymers. Transparent and whitish films featured on the top are two unfilled
matrices. (A colour version of this figure can be viewed online.)
Image-J software. For details refer to the Supporting Information
(Figs. S1 & S2). High-resolution scanning electron microscopy
(SEM) imaging was carried out using a JEOL JSM 7500FA equipped
with a cold FEG and a JEOL microscope (model JSM-6490LA). Both
microscopes were operated at an acceleration voltage of 15 kV. The
fillers for SEM images were drop cast from a dilute solution
(0.02 mg/ml) respectively on silicon plates or on TEM grids. The
thicknesses of the MoS2 were estimated using the scanning elec-
tron SEM images employed in Fig. S2, making a statistic on the
flakes disposed vertically. In Fig. S3 is shown a representative high
resolution SEM image of the thickness of the MoS2 flakes. It is
measured as 95 ± 40 nm. Regarding organoclay (nanoclay), the
single flakes present a nominal thickness indicated by the producer
of 1 nm. However, we estimate the final thickness inside the
composite to be of the same order of magnitude of MoS2.

2.4. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) measurements were carried out
at room temperature and air atmosphere using an Innova AFM
(Bruker, Santa Barbara, CA), set in tapping mode, with a NTESPA
3.75 mm cantilever (Bruker, 300 kHz k: 40 N m�1). The analysis
software used was Gwyddion version 2.43. The analysed samples
have a large distribution of thicknesses ranging from SLG to few
layers (FLG) (1e4 layers, or 1e4 nm), to graphite (more than 8
layers). The AFM statistic was carried out on measurements on 30
flakes per sample. The thickness distribution fitting is obtained by
using the Log-normal distribution. The thickness results are sum-
marized in Table 1. The AFM topological images are shown in
Fig. S4, additionally their respective thickness distributions are also
given.

2.5. Raman spectroscopy

Ramanmeasurements were carried out with a Renishaw 1000 at
532 nm excitation wavelength and a 100� objective, with an inci-
dent power of z1 mW. The D, G, and 2D peaks were fitted with
Lorentzian functions. The Raman spectra of the four samples and
graphite are shown in Fig. S5a.

The Raman spectra of the graphene and graphiteelike materials
were analysed and the details and the relevant discussion are given
in the Supporting Information. The sub-components of the 2D band
2D1, and 2D2 (see Fig S5b) are used to evaluate the quality of the
graphitic flakes, in term of number of layers, which were in
agreement with the AFM data reported in Section S2.3.

2.6. Thermo-mechanical measurements

The results regarding the thermal stability of both the Mater-Bi®

and PLA films with G 8-600 were investigated using thermogravi-
metric analysis (TGA) and reported in Fig. S6. TGA was conducted
using a TA instruments apparatus (model Q500, from room tem-
perature to 600 �C in nitrogen environment). Further details are
presented and discussed in the Supporting Information referring to
Fig. S6.

2.7. Polymer crystallinity measurements with X-ray diffraction

The crystal structurewas measured with X-ray diffraction (XRD)
employing a Rigaku SmartLab X-Ray diffractometer, provided with
a 9 kW Cu Ka (l ¼ 1.542 Å) rotating anode, running at 40 kV and
150 mA. A G€obel mirror was utilized to convert the divergent X-ray
beam into a parallel beam and to eliminate the Cu Kb radiation
(l¼ 1.392 Å). The diffraction patterns were acquired at ambient and
high temperatures, over an angular range of 7.5�e50� for the PLA,



Table 1
Tabulated list of nanoscale filler materials used and their average size and thickness values. For GnPs, a notation in the form of G t-L is used, inwhich t stands for thickness and L
the lateral size. For instance, G 9-410 indicates GnP flakes with 9 nm thickness and 410 nm lateral size, respectively.

Designation Materiala Thickness (nm) Lateral size (nm) Number of layers Diameter (nm)

G 21-340 Graphene 21 340 >8 n.a.
G 8-600 Graphene 8 600 >8 n.a.
G 9-410 Graphene 9 410 >8 n.a.
G 6-50 Graphene 6 50 >8 n.a.
G 3-130 Graphene 3 130 <8 n.a.
G 3-120 Graphene 3 120 <8 n.a.
CB Carbon black n.a. n.a. n.a. 35
SiO2 Hydrophobic silica n.a. n.a. n.a. 9
Fe2O3 Iron(III) oxide n.a. n.a. n.a. 350
MoS2 Molybdenum disulfide 95 1000 >8 n.a.
Clay Montmorillonite 100 2000 >8 n.a.

a Although “Graphene” is used for all G t-L additives for simplicity, G21-340, G8-600, G9-410 are GnPs, G6-50 is MLG, and G3-130 and G3-120 are FLG samples, respectively.
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and 7�e60� for Mater-Bi® with a step size of 0.05� and scan rate
1.2�/min. We performed X-ray diffraction measurements of com-
posites made with Mater-Bi® and PLA and we reported the results
in Fig. S7.

3. Results and discussion

The two representative biopolymers employed in this study are
bio-polyesters having significantly different elastic moduli. Mater-
Bi® has a Young's modulus of ~100 MPa [54,55], whereas PLA of
~2 GPa [56e59]. In order to investigate the effect of GnP geometry,
size and orientation on the stiffening of these two polymer
matrices, six different types of commercial and in-house synthe-
sized GnPs were used. No post-chemical functionalization or
oxidation of the GnPs was made. The lateral size, thickness and
approximate number of layers of each GnP were characterized by
using a combination of SEM/TEM statistical imaging, Raman spec-
troscopy and AFM (see Figs. S1eS5). To simulate melt processing,
solvent cast biopolymer-GnP films were hot pressed (175 �C,15 kPa,
½ hours). We chose this temperature to ensure melting of both
polymers during pressing without thermally degrading them (see
Fig. S6). Since hot-pressing process can cause orientation of the
fillers in the melted polymer matrix [60], it can allow comparisons
with randomly dispersed films obtained by only solvent casting.
Note that elastic modulus of certain polymers can change due to
thermal or melt processing as their crystallinity is modified [61,62].
In order to ensure that the observed variations in elastic modulus
are only due to GnPs rather than hot-pressing conditions, Young's
moduli of both polymers after solvent casting alone and followed
by hot-pressing were measured. Elastic modulus of Mater-Bi®

remained the same whereas PLA's decreased slightly from 2.1 GPa
to 1.9 GPa (see Table S1) as a result of hot-pressing. We attributed
these variations to the changes in the crystallinity of PLA (see
Fig. S7) [61,62]. Table 1 shows morphological data of all the nano-
scale materials used in this study. As listed, measurements indicate
that for the GnPs, flake thickness varied from 3 nm to 21 nm,
whereas the lateral flake size was in the range from 50 nm to
600 nm. Other 2D fillers, namely, organoclay and MoS2 were found
to have thicknesses close to 100 nm, with lateral sizes of 1 mm and
2 mm, respectively. The nanoparticles, on the other hand, had
varying diameters such as 9 nm for silica, 35 nm for carbon black
and 350 nm for Fe2O3. Fig. 2 displays changes in the elastic moduli
of the solvent cast soft and hard bio-polyester nanocomposites as a
function of filler weight percent that ranged from 0.1 wt% to 5.0 wt
%. In the case of the soft matrix (Mater-Bi® in Fig. 2a), as a general
trend, increasing filler concentration increased the elastic modulus.
For certain fillers such as carbon black, silica and G 21e340, this
enhancement reached approximately 170 MPa at 5.0 wt% levels,
corresponding to a 65% improvement.
However, Fig. 2a indicates that regardless of the concentration
levels studied, no superior effect of GnPs on stiffening the polymer
matrix was measured over other fillers. In the case of hard matrix
(PLA), GnP flakes were more effective in increasing the elastic
modulus beyond 1.0 wt % as seen in Fig. 2b. This was true for large
multi-layer GnPs as well as few-layer ones (only two are exempli-
fied for clarity in the plot). For instance, both few-layer (G 3-130)
andmulti-layer (G 8-600) flakes stiffen the PLAmatrix compared to
others. As such, the elastic modulus of solvent cast PLA films can be
increased up to 2.7 GPa (~30% increase) by inclusion of GnPs. In the
case of carbon black and MoS2 particles, the elastic modulus of
filled PLA remained practically unaltered within the concertation
range studied. Clearly, in order for GnPs to act as effective elastic
modulus enhancers in a bio-polyester matrix, not only the size,
thickness and chemistry of graphene (oxidation, functionalization,
etc.) matter, but also the original elastic modulus of the biopolymer,
particularly for solvent processed films. Strength of interactions
between the particles and the polymer matrix is critical for stress
transfer to the reinforcing particles and achieving improved me-
chanical properties [63].

Next, we present the cases for both soft and hard biopolymer
composites fabricated by hot pressing, after solvent casting.
Detailed transmission electron microscopy (TEM) studies indicated
that upon hot pressing, GnPs align within the bio-polyester
matrices; particularly in the amorphous Mater-Bi® matrix as
shown and indicated by the arrows in Fig. 3.

In order to facilitate interpretation of the measurements, the
data were collected and grouped as 2D (all GnPs, MoS2, organoclay)
and 3D (carbon black, silica, iron oxide) fillers for both the soft
(Fig. 4a and b) and the hard (Fig. 4c and d) biopolymer matrices. In
the case of Mater-Bi® matrix, significant differences are obtained in
elastic modulus changes as a function of 2D filler type as well the
morphological attributes of GnPs. Inspection of Fig. 4a indicates
that large multi-layer GnPs considerably enhance Mater-Bi® elastic
modulus up to 200%. Few-layer graphene flakes, on the other hand,
triggered an approximate 100% enhancement in elastic modulus of
Mater-Bi®. These were GnPs identified as G 3-120, G 3-130 and G 6-
50. The trends regarding other 2D particles, namely clay and MoS2,
show that they produced only about a 50% improvement in elastic
modulus of the polymer, four-five times less than large GnPs, such
as the particles identified as G 9-410.

Results pertaining to the effect of 3D nano-fillers (nanoparticles)
on the elastic modulus of Mater-Bi® are summarized in Fig. 4b.
Clearly, the overall trend is that the type of the nanoparticle does
not play a role in enhancing the elastic modulus of Mater-Bi®,
considering the uncertainties associated with the measurements. It
can be stated that the nanoparticles employed in this study cause
only about 20% enhancement in the elastic modulus of the soft
biopolymermatrix under hot-pressing. This can be attributed to the



Fig. 2. Elastic modulus versus filler weight percent measurements for solvent-cast (a) soft (Mater-Bi®) and (b) hard (PLA) polymer matrix composites. (A colour version of this figure
can be viewed online.)

Fig. 3. Cross-section TEM image of hot pressed Mater-Bi® sample filled with G 8-600
GnPs The green arrows indicate GnPs that seem to have aligned due to hot-pressing.
The white spots are thermoplastic starch particles originating from the soft matrix.
(A colour version of this figure can be viewed online.)
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presence of nanoparticle agglomerations due to electrostatic in-
teractions, when concentration levels in the polymer matrix exceed
1 wt% [64,65]. As such, stiffness of soft bio-polyesters can be
effectively tuned and increased by multi-layer large GnP flakes
instead of nanoparticles.

In the case of the hard bio-polyester matrix, hot-pressed PLA,
identical set of measurements were carried out, the results of
which are given in Fig. 4c and d. Inspection of Fig. 4c reveals that
non-graphitic 2D particles, i.e., clay and MoS2 do not trigger
noticeable stiffness enhancements in the elastic modulus of PLA
matrix. On the other hand, just like in the case of soft matrix, large
multi-layer GnPs increase the elastic modulus of the hard
biopolymer matrix but only by about 35%. This is an augmentation
in stiffness that is an order of magnitude less than Mater-Bi® re-
ported in Fig. 4a. Few-layer GnPs cause very limited enhancements
in the elastic modulus of PLA not exceeding 17%. Although in terms
of trends, both large multi- and few-layer GnP inclusions result in
elastic moduli enhancements in the bio-polyesters under hot-
pressing, the significant difference in augmentation of stiffness
betweenMater-Bi® and PLA can be due to the semi-crystallinity and
inherent stiffness of PLA polymer chains that tend to impede
polymer chain mobility, limiting GnP orientation within the matrix
[31,66].

It is worth mentioning that further increase in the elastic
modulus in PLA may be possible with further chemical function-
alization of the GnPs used in this study [67]. The reported results,
however, are found to be in agreement with other PLA-graphene
composites prepared by in-situ reduction of GO [31]. Note also
that in the case of PLA-GnP nanocomposites, hot-pressing process
does not seem to introduce an extra overall enhancement in the
elastic modulus compared to solvent casting (compare Figs. 2b and
4c). In both cases, the maximum elastic moduli obtainable are
approximately 2.7 GPa. This could be attributed to the above
mentioned crystallization differences between PLA and Mater-Bi®.
Still, this requires a more in depth study that is beyond the scope of
the current work. Finally, results reported in Fig. 4d indicate that in
the case of nanoparticles, for all practical purposes, the hot-
pressing process does not inflict any significant effect on the
elastic modulus of PLA, for the concentration ranges studied herein.
On average, all nanoparticles would bring about a stiffness
enhancement close to 8% in its elastic modulus.

Hence, based on the results reported in Figs. 2 and 4, one can
argue that for soft bio-polyester matrices reinforced with GnPs,
elastic or Young's modulus enhancement is much better achieved
with the hot-pressing method. This trend can be explained by the
easier orientation and the alignment of the 2D flakes inside the
amorphous polymer matrix, which is uniaxially compressed and
sheared due to simultaneous heat and pressure application, as
shown in Fig. 3. Under hot-pressing, loose and randomly coiled
chains of amorphous polymers soften and move easier than semi-
crystalline polymer segments. It can also be argued that GnPs with
larger lateral sizes can easily align parallel to the plane of hot-
pressing, causing higher elastic modulus values (yellow groups of
Fig. 4a and c). This effect is practically impossible to obtain as a
result of solvent evaporation-induced self-assembly within the
polymer-GnP composites or by simple mixing into liquid resins
[68].

In order to rationalize the experimental results, we have simu-
lated the elastic modulus and the strain field within a matrix using
a spring networkmodel [49]. The model is also known as the lattice
spring model (LSM) in which solids are modeled by a collection of
springs connected at nodes which are distributed on a cubic lattice
and hence the name. The main element of such models is the ex-
istence of a linear spring which exerts forces at the nodes located at
its endpoints in order to keep the initial length constant. Such a
simple model is sufficient to simulate an isotropic homogeneous
elastic medium with a specific Poisson ratio. Other Poisson ratio
values can be obtained by adding angular springs between
adjoining linear springs which tend to restore the initial angle
between them. Moreover, concepts such as the one of elastic



Fig. 4. Elastic modulus versus filler concentration plots for hot-pressed samples. Concentrations are given in weight percent. In (a), the plot shows elastic modulus measurements
for all 2D fillers in Mater-Bi® matrix. In (b), the plot shows elastic modulus measurements for all 3D fillers in Mater-Bi® matrix. In (c), the plot shows elastic modulus measurements
for all 2D fillers in PLA matrix and in (d) the plot shows elastic modulus measurements for all 3D fillers in PLA matrix. (A colour version of this figure can be viewed online.)
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element can be included in order to improve the accuracy of the
LSM [49]. Herein, this method does not take into account polymer
chain mobility due to amorphous or crystalline polymer
morphology. Cubic grids with 203 and 403 cells were used in cal-
culations and the finite size effects were established to be small.
The examples of simulated filler particle configurations and
calculated strain fields are shown in Fig. 5aec. Fig. 5a displays a
matrix volume element with randomly oriented planar particles.
Fig. 5b shows planar particles aligned in the bc-plane, while Fig. 5c
presents cylindrical particles, with the diameter to height ratio of
the order of one (3D particles). 3D particles were simulated as
cylinders with the diameter similar to the height (based on the
experimental data reported in Table 1), while planar flakes of
layered materials were simulated as cylinders with a small height
to diameter ratio identical to the values reported in Table 1 and the
Supporting information. Solvent cast situationwas simulated using
randomly oriented planar particles, while hot pressing was
modeled by particle alignment in the plane, in which the load was
applied.

The positions of particles were chosen randomly within the
simulated volume. The points at the boundary planes, where the
load was applied, were assumed to be rigidly glued to the rigid
plates and only moving along the loading force direction. The
springs within the particle volume were assumed to have stiffness
1000 times larger than those outside. Fig. 5d shows the dependence
of the effective elastic (Young's) modulus, E, on the filler volume
fraction. The Young's modulus of the bare matrix is denoted as E0.
240 randomly generated configurations were used to average over
the particle distribution. On average, the samples with 2D particles
have a larger Young's modulus than the samples with 3D particles.
The alignment of 2D particles leads to a further increase of Young's
modulus, confirming that this parameter is crucial for mechanical
reinforcement of a polymermatrix with graphene 2D flakes. The 2D
particles, extending along the loading force, shunt strain from the
polymer matrix, thus providing the reinforcement [69]. At higher
filler concentrations, “chains” of these particles, connecting the
loading plates, are capable of shunting most of the strain from the
polymer matrix, resulting in a super linear growth of Young
modulus with particle concentration [69]. On the other hand, 2D
particles oriented perpendicular to the loading force do not shunt
any strain, and therefore do not lead to stiffness increase [69]. Thus,
anisotropy of mechanical properties results from addition of pref-
erentially oriented GnPs. The sample with randomly oriented 2D
particles contains both “useful” particles, as well as the ones mostly
perpendicular to the force, and therefore the reinforcement effects
average out and exceed those of 3D particles of the same volume
only marginally, as seen in Fig. 5d.

Note that as a result of computations shown in Fig. 5d, a 30%
enhancement in elastic modulus can be estimated in the case 2D
aligned particles. This value better approximates elastic modulus
measurements of hard PLA matrix containing multi-layer GnP in-
clusions as shown in both Figs. 2b and 4c. This can be attributed to
the fact that simulation does not account for rearrangements or
self-assembly within the computational matrix, which better ap-
proximates the semi-crystallinity of PLA. Moreover, randomly
distributed 2D fillers and the 3D fillers only cause about 15%
enhancement in the elastic modulus. This number appears to
match the experimental measurements corresponding to the
amorphous soft bio-polyestermatrix, Mater-Bi®, depicted in Fig. 4b.

Finally, effect of GnPs on the temperature dependent elastic



Fig. 5. Numerical simulations of elastic properties of filled polymers: stress energy density inside the filled polymer matrix is encoded in the color. (a) 2D flakes aligned in the same
plane, (b) randomly oriented 2D flakes as a filler and (c) 3D particles. (d) Polymer matrix reinforcement: the Young modulus enhancement E/E0 as a function of the filler weight
percent. On average, the orange dots corresponding to aligned 2D flakes show a larger value of the E/E0 ratio. Lines are displayed to guide the eye. (A colour version of this figure can
be viewed online.)
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modulus changes in bio-polyester matrices was investigated at
5.0 wt% concentration. Fig. 6a illustrates the changes in the elastic
modulus that take place in the soft matrix and its composites over a
range of temperatures that span from 25 to 50 �C. As seen in Fig. 6a,
the elastic modulus of the matrix and the composites decreases
with increasing temperature towards its melting point. The drop in
the elastic modulus is related to the tendency of the polymer chains
to slip off each other at higher temperatures [70]. An increase in
temperature favors higher chain segments mobility and a decrease
of the elastic modulus [71,72]. However, the slipping of the polymer
Fig. 6. Heating induced changes in the (normalized) elastic modulus of Mater-Bi® GnP co
modulus. Similarly, in (b) upon cooling the composites with larger lateral size GnPs seem t
online.)
chains under stress can be inhibited by anchoring the chains [73].
The enhanced thermo-mechanical properties are believed to arise
from the strong interaction between graphene and the matrix, and
the large steric hindrance of the graphene flakes. The graphene
flakes act as anchor points and prevent the chains from slipping. In
particular, the larger the in-plane dimension of the graphene flakes,
the smaller the decrease of Young's modulus with the temperature.
For example, with G 21-340, the elastic modulus of the composite
decreased by 14% at 50 �C, while themodulus of the compositewith
graphene G 3-130 decreased by 25%. Moreover, the soft matrix and
mposites before melting. In (a), larger lateral size GnPs cause less decline in elastic
o recover their original elastic modulus. (A colour version of this figure can be viewed



P. Cataldi et al. / Carbon 109 (2016) 331e339338
the composites displayed a memory effect for the non-stretched
state, and tend to recover their original elastic modulus with time
as shown in Fig. 6b. Similar tests were performed with PLA-based
composites. In this case, the Young's modulus of the composite
was substantially unaltered (see Fig. S8), probably due to the highly
crystalline phase of the matrix and the range of temperatures used
that is far from the melting temperature of PLA [59].

4. Conclusions

In summary, nanoscale biocomposites were fabricated by
dispersing different graphene nanoplatelets (GnPs) as well as other
non-graphitic 2D and 3D nanoscale particles in two representative
bio-polyesters classified as soft and hard matrices. Films were
produced by solvent casting and hot-pressing. Hot-pressing was
found to align the GnPs within the polymer matrices. The align-
ment has more significant effect on the amorphous soft bio-
polyester. The following observations were made: In the case of
solvent cast soft matrix biocomposites, GnPs did not induce any
superior enhancements in elastic moduli compared to other non-
graphitic 2D and 3D fillers. In the case of the hard matrix, howev-
er, both large multi- and few-layer GnPs caused up to 35% increase
in elastic modulus compared to other model 2D or 3D fillers. As a
result of hot-pressing, GnP flakes significantly increased the elastic
modulus of the soft bio-polyester. In particular, large multi-layer
GnPs induced up to 200% stiffness enhancement compared to
few-layer GnPs and non-graphitic 2D fillers. Upon hot-pressing,
about 15% stiffness enhancement levels were measured in the
nanoparticle filled soft bio-polyester. Compared to solvent casting,
hot-pressing of the PLA matrix nanocomposites did not yield better
elastic modulus enhancements neither by large multi- or few-layer
GnPs. Stiffening levels remained the same. A theoretical analysis of
the polymer/GnP composites based on the spring network model
closely described the enhancement levels achieved in the hard bio-
polyester. However, it could not predict the superior stiffening re-
sults due to large multi-layer GnPs measured for the soft bio-
polyester. Moreover, large GnPs were shown to effectively sup-
press heat induced deterioration of the stiffness of the soft bio-
polyester close to its melting temperature. These nanocomposites
eventually recovered their initial elastic modulus upon cooling due
to large multi-layer GnP inclusion. The results of this study indicate
that GnPs can be promising next-generation candidates for elastic
modulus engineering of soft amorphous biopolymers and their
composites.
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