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Biocomposite films were prepared using normal maize starch plasticized with glycerol and water
and sodium montmorillonite clay particles employing the solution mixing procedure. Scanning electron
microscopy (SEM), X-ray diffraction (XRD), three-dimensional profilometry and tensile along with
nanoindentation tests assisted with a Finite Element Analysis (FEA) were used for the assessment of
starch-based films with various percentages of nanoclay particles. XRD analysis revealed intercalation
of'the test specimens while their morphology was ascertained using SEM/EDX. The FEA results were
compared with the experimental measurements from nanoindentation and tensile tests. A satisfactory
correlation was obtained between the experimental measurements and the computational models,
demonstrating FEA-assisted nanoindentation as a useful technique for assessment, showing the effect
of the different nanoclay concentrations on the mechanical properties.
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1. Introduction

In recent decades, there is an ongoing intensive research
concerning the development of advanced materials and their
applications, using nano-reinforcements for the enhancement
of polymeric, metallic and ceramic matrices to improve their
mechanical, thermal and physical properties''?. In the polymer
industry, there is an increasing interest in the development
of new plastic materials based on natural biodegradable
polymers, such as starch and cellulose and its derivatives
in combination with nanoadditive materials, capable of
replacing, at least in part, the synthetic polymers derived
from non-renewable sources such as petroleum'''. Starch,
as a very promising natural biopolymer, has considerable
advantages since it derives from renewable sources, it is fully
biodegradable and has low production cost on an industrial
scale that makes it an attractive choice in a wide variety of
applications, such as the production of bioplastic and novel
construction materials'>'*1°. In its native granular form, starch
is composed of a mixture of two homopolysaccharides;
amylopectin an extensively branched macromolecule and
amylose, an essentially linear (helical) polymer, which is
responsible for the film-forming property of starch'®. The
development of maize starch-based films with application
as alternative materials which is mainly used in packaging
industries is considered important in reducing the environmental
problems associated with the accumulation of synthetic, non-
biodegradable plastic materials in the environment'?. However,
the use of starch as the polymer matrix for the production of
the maize starch-based films, is limited due to its rather poor
mechanical performance, compared to traditional synthetic
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plastic materials. In many cases, nano-fillers, such as clay, are
incorporated into the thermoplastic starch matrix to improve
mechanical and dynamic properties of the conventional starch
films, produced with glycerol (G) and water as plasticizer.
Mechanical properties of maize starch films are influenced
by glycerol and clay contents. Both glycerol and water act as
a typical plasticizer in starch films; with decreasing glycerol
concentration, films presented better tensile properties than
films with higher glycerol content'®. Starch-based conventional
films have disadvantages associated with their hydrophilic
character and deficient mechanical properties. The addition
of definite amount of natural materials such as nanoclays
induces significant reinforcing effects in starch films. More
specifically, embedding reinforcing materials such as sodium
montmorillonite clay (NaMMT) in the starch polymer matrix,
can greatly improve physical and mechanical properties of
gelatinized starch!¢1$,

Consistent and precise mechanical testing is critical for
the development of starch-based nanocomposite conventional
films. The instrumented indentation technique is a promising
alternative to conventional measurement methods of mechanical
properties of materials, because of its various advantages
such as minimal nondestructive specimen preparation,
high spatial resolution, and easy test procedures'**2. The
most important feature of an indentation measurement is
the capability to provide detailed information from a high
local deformation. In materials engineering, such technique,
apart from the local characterization of the material, has
been also widely used in the literature to estimate the bulk
material elastic properties by combining the experimental
indentation curves with Finite Element Analysis (FEA)
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simulation modeling of indentation experiments*’. Also, in
another work the nanoindentation experiments on thin films
alongside FEA have shown very good correlation results®.
In this study, the instrumented indentation technique
was used to examine the effectiveness of a non-destructive
methodology for the evaluation of mechanical properties
of bio-based material films. A series of maize starch-based
nanocomposite films with different compositions were
fabricated by varying the concentrations of glycerol and
sodium montmorillonite and the mechanical performance, as
a function of clay and plasticizer contents, of the conventional
composite and nanocomposite films was characterized by an
instrumented nanoindentation technique at room temperature,
and the values were compared with the tensile test results.
The results obtained from the experimental investigation
and analysis of mechanical properties of the films were
then compared with a developed Finite Element Analysis
(FEA) model simulating the nanoindentation experiment.
The satisfactory correlation exhibited a very promising non-
destructive technique for this type of materials.

2. Materials and methods

2.1. Fabrication of maize starch-based
nanocomposite films

Previous studies demonstrated that the unmodified clays
such as NaMMT showed better mechanical properties than
the organically modified clay. This tensile behavior can be
attributed to better dispersion of NaMMT clay particles in
the starch matrix mainly due to the higher hydrophilicity of
sodium ion compared to the organically modified clay>*.
In this study, conventional composite and nanocomposites
films of plasticized maize starch were prepared by a
solution mixing procedure with glycerol/water plasticizer
containing NaMMT clay as reinforcing filler'®?*. The sodium
montmorillonite clay with a CEC (cation exchange capacity)
of 92.6 meq/100 g clay was supplied by Southern Clay

Materials Research

Products, Inc., Texas USA. A commercial normal maize
starch containing approximately 21-23% amylose (supplied
by Nestl¢ Hellas, Greece) was used in the experiments. The
moisture content of starch was 11-12 wt% as determined
by drying to constant mass. Glycerol was supplied by
Mallinckrodt Chemical Works, USA.

The plasticized starch films were prepared by the following
solution mixing procedure: The maize starch was dispersed
in distilled water containing different levels of glycerol (as
a plasticizer) and the suspension was stirred at 80°C for
half an hour to gelatinize the starch. A clay suspension was
homogenized at room temperature in distilled water and
then added to the gelatinized starch. The mixture (where
the starch concentration of the solution was 6.5 wt %)
was stirred at 90 °C for another half an hour. Films were
obtained by casting the hot mixture into teflon plates (100
mm x 120 mm) and dried in an air-circulating oven at 45 °C
for approximately 24 h. Finally, the films were stored under
controlled conditions of temperature (= 22-24 °C) and relative
humidity (= 52-55%) for one week prior to testing. The
glycerol content of conventional and nanocomposite films
was varied between 20 wt% (G20) and 30 wt% (G30) with
clay amounts of Owt% (NaMMTO0), 10wt% (NaMMT10)
and 20wt% (NaMMT?20), based on the amount of dry
starch. The prepared films which are shown in Figure 1,
were macroscopically isotropic, homogeneous, smooth
and flexible, with thickness of about 0.1 to 0.15 mm and
thickness homogeneity of about 0.01mm.

2.2. Tensile tests

Tensile tests were used to evaluate the elastic modulus,
tensile strength and elongation at break of maize starch-
based conventional composite and nanocomposite films.
ASTM D882% test method of thin plastic sheeting was used
to determine the tensile properties of the composite film
samples. Tensile properties were measured using a TA.XT
Plus texture analyzer (Stable Micro Systems Ltd, UK) with
cross head speed of 20 mm/min. For each sample in total
20 replicate films were measured.
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Figure 1. Photographs of the conventional (left) and NaMMT nanocomposite (right) maize starch-based films.
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2.3. Morphological characterization methods

The morphological features of the specimens were assessed
through a Phenom ProX (Thermo-Fisher Scientific, MA
USA) instrument, equipped with an optical microscope with
a magnification range of 20 - 135x and a scanning electron
microscope (SEM) with a thermionic CeB6 source, as well
as a fully integrated Energy Dispersive Spectrometer (EDS)
detector. The specimens were attached on a metal stub with
double sided carbon tape (Ted Pella, USA) and inserted in
the scanning electron microscopy’s vacuum chamber using
a special charge reduction sample holder. The sample holder
is designed to reduce sample charging and eliminate extra
sample preparation of non-conductive samples. The dedicated
software package ProSuite PC (Thermo-Fisher Scientific,
MA USA) was used for the instrument control. Also, an
optical (confocal) 3D measurement Nano-Focus psurf system
(Oberhausen, Germany) was used to capture in detail the
topography of the maize starch nanocomposite samples.

2.4. X-ray diffraction

The obtained nanocomposite structure of films was
ascertained by X-ray diffraction (XRD) analysis. The XRD
measurements were performed using a Panalytical X’Pert Pro
Multipurpose Diffractometer in the diffraction 2-theta angle
range of 2-30° (in 0.01° steps) to investigate the structural
properties of starch and sodium montmorillonite clay in their
pure form and samples of maize starch nanocomposite films
with different contents of glycerol and clay. The interlayer
d-spacing of the silicate layers was calculated from the peak
position in XRD patterns using the Bragg equation.

2.5. Nanoindentation tests

The nanoindentation tests were conducted ona DUH-211S
Shimadzu (Kyoto, Japan) device, with a load resolution of
0.196 uN. The indenter that was used is a Berkovich diamond
tip (with a tip radius less than 100nm). A number of points
was selected through an optical microscope and these were
strategically scattered on the surface of the films. In the
current work, at least ten measurements were performed
for each nanocomposite maize starch film.

The indenter is initially driven toward and then contacts
the surface of each film, at a constant loading rate of 3.5 mN/s,
until a peak force of 20mN. Afterwards, the indenter was
unloaded with the same rate. The maximum force has been
held for 5 s (in order to reduce the effect of viscoelastic
deformation of the specimens) and then the indenter was
unloaded, to a value of zero.

The indentation hardness and modulus values of the
maize starch nanocomposite films were determined based on
the calculation method of Oliver and Pharr?. The hardness
can be calculated as a function of the maximum penetration
depth of the indentation:

P
H =~mex
A M

where P is the maximum applied load measured at the
maximum depth of penetration (k_ ), 4 is the projected
contact area between the indenter and the film. For a perfect

Berkovich indenter, 4 can be expressed as a function of the
contact indentation depth 4, as:

A=3\3h}1an’ 65 = 23.96h} @

The contact indentation, /2, can be determined from the
following expression:

g T 3

where ¢ is a geometric constant €=0.75 for a pyramidal
indenter, S is the contact stiffness which can be determined
as the slope of the unloading curve at the maximum loading
point, i.e.

S= (%)h:h )

The reduced elastic modulus £ is given by:
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Er:ﬁ A (5)

where  is a constant that depends on the geometry of the
indenter. For the Berkovich indenter, 3 =1.034. The specimen
elastic modulus (E) can then be calculated as:
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where E, , and v, are the elastic modulus and Poisson’s
ratio, respectively; for the indenter and the specimen. For a
diamond indenter, £, is 1140 GPa and v, is 0.07.

The specimen’s hardness H and elastic modulus £ were
obtained from the set of equations given above.

3. FEA Simulation of the Nanoindentation
Measurements

The nanoindentation experimental results were simulated
utilizing a FEA-based procedure with the commercial
code ANSYS. In order to define the interface between the
Berkovich indenter and the surface of the nanocomposite
samples contact elements have been used (Figure 2). Previous
work*”? has shown that the contact element stiffness and
friction coefficient in a large range of their values do not
affect the evaluation results. Kinematic hardening leads to
arapid convergence in the corresponding FEA calculations,
so this method was applied in the developed procedure.

The nanoindentation curves have been generated
considering two load steps. The first load step simulated
the loading stage of the indenter into the nanocomposites.
The second step, which can be called as the relaxation stage
the indenter was removed leading to the material elastic-
plastic recovery. Assumptions of initial material values
for the tangent moduli £, of the multilinear stress-strain
curves of the samples were made in the FEA model. An
experimental indentation depth is applied to the indenter
of the FEA model and the corresponding force reaction
is determined and compared to the measured value. If the
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Figure 2. Schematic procedure of (a) the Finite Element Model
of the nanoindentation testing simulation and (b) curve-fitting of
the nanoindentation measurements by computationally generated
indentation data

FEA does not converge with and experimental force, then
the value of the tangent modulus is approximated again
and the FEA solution is repeated. Where the FEA force fits
the indentation force the value of the tangent modulus is
considered converged and the next values of force-depth are
applied to the model. The next calculation step starts with the
previous indentation depth, considering the existing stress
status as well as the previously obtained tangent modulus.
This procedure is repetitive until the last pair of force-depth
values has converged and the loop ends. In this work, 20
steps of simulation have been considered adequate for the
curve fitting of the nanoindentation curves.

4. Results and Discussion

4.1. Tensile test results and morphology

The influence of different levels of glycerol concentration
and NaMMT clay content is presented in the typical tensile
stress-strain curves of the conventional composite and
nanocomposite starch-based films are as illustrated in
Figure 3. It can be seen from the graphs and the values
in Table 1 that increasing glycerol content resulted in a
decrease in tensile strength and an increase in the elongation
at break. Lower glycerol concentrations were generally
associated with higher mechanical strength (and Young’s
modulus) and lower elongation at break than higher levels
of glycerol concentration. Also the tensile properties of
the films were enhanced through the addition of NaMMT
clay even at lower contents. It becomes apparent from this
study that the combined addition of glycerol and NaMMT
clay in the starch polymer matrix resulted in a pronounced
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reinforcement of the mechanical properties of the films. The
mechanical properties of starch nanocomposite films are
highly related to their microstructure which in turn is related
to the incorporation of natural materials such as nanoclays
into polymeric systems!”*°. Similar results were obtained in
previous work, where the composites were prepared by using
regular cornstarch plasticized with glycerol and reinforced
with hydrated kaolin®'.

The structural properties and morphology of starch-based
nanocomposite films and the level of dispersion of the fillers
in the starch polymer matrix were investigated by scanning
electron microscopy (SEM) coupled with an energy dispersive
spectroscopy (EDX). The biodegradable films prepared in this
study were developed by incorporation of nanoclay particles
into the thermoplastic starch matrix at a nanoscale level and
formed a nanocomposite structure'®?*. SEM micrographs
with the x-ray mapping analysis of the cross section of films
containing different glycerol and clay contents (Figure 4a-c)
revealed that the surfaces of the membranes were continuous
without noticeable pores, cracks, breaks or interruptions with
homogeneous distribution of clay platelets in the plasticized
starch matrix. Similar morphology and homogeneous clay
distribution were observed in all conventional composite and
nanocomposite samples analysed from each film.

Montmorillonite (MMT) is a clay mineral that consists of
stacked silicate sheets with thickness of about 1nm and a few
hundred nanometers in width and length. Montmorillonite has
a structure consisting of an octahedral aluminum or magnesium
oxide sheet that is sandwiched between two tetrahedral
silicon oxide layers. The interlayer galleries of MMT are
normally occupied by metal ions such as Na*, Li*, Mg?* and
Ca?* that can be replaced by various organic cations such
as quaternary ammonium forming the organically modified
montmorillonite clay. Therefore, the uniform dispersion of
clay particles in the nanocomposite films was also confirmed
by the good dispersion of Si, Al, Na and Mg in polymer
matrices (as shown in EDX mapping images in Figure 4a-c).
The structure and morphology of montmorillonite and the
exchangeable cations in the interlayer space of MMT are
responsible of many fundamental properties of the clays
including cation exchange capacity and specific surface area®.
Additionally, the above results support the conclusion that
the incorporation of clay platelets into the starch polymer
matrix over the range of clay concentrations up to 10 wt%
has formed a more compact structure that improved the
mechanical properties of the nanocomposite films. However,
SEM analysis revealed an inhomogeneous distribution of
clay in the starch matrix with significant aggregation of
nanoparticles occurred at higher clay loading levels (20 wt%)
that resulted in brittle and relatively stiff films.

Native maize starch displayed a typical A-type crystalline
structure and characteristic diffraction peaks (in the XRD
pattern) with strong reflections at 20 angles of about 15°
and 23° and a double peak at 17° and 18°, as illustrated in
Figure 5a. The conventional films of thermoplastic maize
starch containing 20 and 30 wt% glycerol concentrations
exhibited a mixture of typical V- and B-type crystalline X-ray
diffraction patterns, as well as the characteristic diffraction
peaks (in the XRD spectra) with strong reflections at 26
angles of about 17.3°, 19.7° and 22.2°.
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Table 1. Mechanical properties (tensile strength, elongation at break and elasticity modulus) of the tested films.

Tensile Strength

Elongation at break

Young’s Modulus

Soec
pectment (MPa) SD SD (MPa) SD
G20-NaMMTO 38.98 401 20.17 336 1073.74 278.87
G30-NaMMTO 12.19 2.93 36.86 2.13 45141 163.02
G20-NaMMT10 60.51 1.40 6.00 0.80 2011.45 311.59
G20-NaMMT20 37.16 10.75 234 1.07 870.39 346.43
G30-NaMMT10 18.48 3.63 16.83 10.44 585.33 152.63
70 T
——G20-NaMMTO
~———G20-NaMMT10
~———G20-NaMMT20 |
———G30-NaMMTO
G30-NaMMT10
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Figure 3. The regression stress-strain curves for the conventional and nanocomposite films G20-NaMMTO0, G20-NaMMT 10, G20-NaMMT20,
G30-NaMMTO and G30-NaMMT 10 with 20 and 30 wt% glycerol concentrations, with different contents of nanoclay 10 and 20 wt%

respectively.

The XRD peak intensity was further investigated
as a function of the scattering angle (20) of the studied
composites for different mass fractions of glycerol and clay
(g of glycerol and clay /100 g of dry starch). In Figure Sb the
XRD pattern of NaMMT clay exhibits an intense diffraction
peak at around 7.3°, corresponding to an interlayer basal
spacing of 1.21 nm, while the starch XRD pattern does
not show any characteristic peak (in the studied range of
20 = 2° - 10°). As can be seen from Figure 5b the maize
starch nanocomposite films prepared with 10 and 20 wt% of
NaMMT clay (with the addition of 20 wt% glycerol) show a
shift in XRD peak towards lower diffraction angles than the
pure sodium montmorillonite clay, indicating a significant
increase in interlayer spacing of silicate layers (=~ 1.80 nm).
It is therefore evident that the shifting of XRD patterns
towards lower angles indicates an intercalated nanocomposite
structure!”3%3! where water molecules, polymer starch chains
and glycerol molecules are incorporated between the silicate
layers and as a result, the gallery spacing increases during
the intercalation process. However, because of their small
size, the penetration of glycerol and water molecules into
the silicate layers is favored over the macromolecules of
starch. In the case of maize starch nanocomposite films with
higher filler content (20 wt%), the broad small peak in the
XRD pattern is probably due to the tendency of nanofillers
to aggregate in the starch polymer matrix. The samples of
nanocomposites prepared with 20 wt% glycerol and 10 wt%
of sodium montmorillonite clay exhibited the best mechanical
properties from all other samples, where the formation of an
intercalated nanocomposite structure was identified in the
XRD pattern (G20 wt% - NaMMT 10 wt% in Figure 5b). On

the other hand, the mechanical properties of nanocomposite
films with higher filler content (20 wt%) deteriorated, where
the formation of a broad small peak was identified in the
XRD pattern indicating that the intercalation was not uniform
(G20 wt% - NaMMT 20 wt% in Figure 5). From the above
results, it can be concluded that the mechanical properties
of nanocomposite films obtained in this study are in good
agreement with the XRD analysis.

Figure 6 shows the results from the 3D surface topography
study of the films to further study their physical properties
using the Nanofocus psurf instrument with further image
processing with Matlab software. The results clearly illustrate
that the films presented a relatively smooth surface with low
average and RMS (root mean square) surface roughness values,
as shown in Figure 7. These findings are also consistent with
previous work3?3*, However, the surface roughness values
exhibited a slight decrease with increasing NaMMT clay
content. This improvement of surface roughness can probably
be explained by the previously shown SEM micrographs
in Figure 4, which showed that the incorporation of clay
nanoparticles into the starch polymer matrix has formed
a more compact structure with a smooth surface of films.

For the samples with 20 wt% concentration of glycerol
the surface roughness values were decreased with increasing
sodium montmorillonite clay from 0 to 10 wt% (based on the
amount of dry starch). However, higher concentrations of
clay (20 wt%) caused significant clay particle aggregation,
and thus increased the surface roughness, as also illustrated
in Figure 7. In the case of the conventional composite
samples with 30 wt% of glycerol concentration the surface
roughness value is at the same level with the conventional
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X-ray mapping

b) G20-NavMTI0 X-ray mapping

o
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Figure 4. Scanning electron micrographs of representative starch — based films: (a) G20-MTO0 conventional composites with 20 wt% glycerol
concentration, (b) G20-F10 nanocomposites containing 10 wt% NaMMT clay with 20 wt% glycerol concentration and (¢) G20-MMT20
nanocomposites containing 20 wt% NaMMT clay with 20 wt% glycerol concentration.
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Figure 5. XRD diffraction patterns of (a) maize starch and conventional composites G20 and G30 with 20 and 30 wt% glycerol concentrations,
respectively, and (b) NaMMT (Ma) and G20-Ma0, G20-Mal0, G20-Ma20, nanocomposites containing 0, 10 and 20 wt% NaMMT Ma
clay, respectively, with 20 wt% glycerol concentration.
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Figure 6. Typical 3D surface topography processed in Matlab of
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Figure 7. Histogram of average surface roughness and RMS roughness
for representative conventional composite and nanocomposite starch-
based films with different glycerol and clay contents.

composite samples with 20 wt% glycerol concentration,
when the surface roughness values again decreased with
increasing sodium montmorillonite clay from 0 to 10 wt%.
However, the samples with 30 wt% glycerol concentration
exhibited higher values of RMS surface roughness and
standard deviation compared to those with 20 wt% glycerol
concentration.

4.2. Nanoindentation test and FEA results

Initially, stepped nanoindentation was performed in
order to determine the optimal indentation force for starch
nanocomposite. For a 10 step analysis the value of elasticity

modulus has been converged at 20mN and all the experiments
were performed at this peak indentation force. The addition
of sodium montmorillonite clay up to 10wt% improved
the hardness and elastic modulus of the films, as shown in
Figure 8. For the G20-NaMMTO conventional composites
the hardness and modulus of elasticity from nanoindentation
tests were 82.5 MPa and 810 MPa, respectively. By the
incorporation of clay into the starch polymer matrix, the
G20-NaMMT10 nanocomposites revealed a mean value
of 92.5 MPa for hardness and 1888 MPa for the elastic
modulus, indicating 12% and 133% increase, respectively.
This improvement of the mechanical properties was further
supported by SEM micrographs (Figures 4) which showed
that the incorporation of clay nanoparticles into the polymer
matrix (over the range of clay concentrations up to 10 wt%
and glycerol concentration of 20 wt%;) has formed a more
compact structure with a homogeneous dispersion of clay
platelets within starch matrix.

Similar improvement has been observed by another work®,
where the inclusion of 10 w/w % of HNTs in Poly (lactic
acid) matrix significantly improved the elastic modulus by
27% at indentation depth of 300 nm. However, this inclusion
revealed little improvement in hardness. This increase in
modulus is in accordance with another work?®, where PLA/
organo-modified montmorillonite (PLA/O-MMT) films were
synthesized by solution casting method, and reported that
the tensile elastic modulus increased by 42% with addition
of 6 w/ w % of O-MMT. On top of that, another work?’
reported that the dispersion of O-MMT was enhanced
after incorporating chain extender into the PLA/O-MMT
composites which were prepared by melt compounding
led to better mechanical and barrier properties. A further
comparison of conventional composite and nanocomposite
films with increasing glycerol content, however, revealed
a decrease in hardness and modulus of elasticity because
of the weak hydrogen bonding interaction between starch
chains and glycerol molecules.

In the case of G30-NaMMTO conventional composites
the hardness and elastic modulus from nanoindentation
tests were 33.1 MPa and 430 MPa, respectively, while for
the G30-NaMMT10 nanocomposite samples the hardness
and modulus of elasticity were found to be 40 MPa and
500 MPa, respectively. The incorporation of 10 wt% NaMMT
clay into starch matrix containing higher concentrations of
glycerol (30 wt%) resulted in an insignificant improvement
of mechanical properties of maize starch nanocomposite
films. As it can be seen from Figure 9, the hardness and
elastic modulus values were increased with decreasing the
concentrations of glycerol from 20 to 30 wt% and increasing
sodium montmorillonite clay from 0 to 10 wt%. Films
prepared with the same sodium montmorillonite clay content
and lower glycerol concentrations exhibited higher values of
hardness and elastic modulus than the films prepared with
higher levels of glycerol. However, as shown in Figure 8, the
mechanical properties of nanocomposite films deteriorated
as the clay content was increased above 10 wt%. The higher
the clay content, the higher the tendency of nanofillers to
aggregate in the starch polymer matrix, thereby deteriorating
mechanical properties of nanocomposite films. As discussed
previously, SEM/EDX analysis revealed an inhomogeneous
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Figure 10. Comparison of the stress-strain curves from FEA simulation with the tensile tests.

distribution of clay platelets in the starch matrix with significant
aggregation of nanoparticles occurred at higher clay loading
levels (20 wt%) that resulted in easily fractured materials
with poor mechanical properties. From the analysis above,
it can be concluded that the best values were reached with
sodium montmorillonite nanocomposites content of about
10 wt% at glycerol concentration of about 20 wt%.
Nanoindentation test results are presented by the typical
indentation load—penetration depth curves of the maize starch
nanocomposite films, as shown in Figure 9. It is obvious
from Figure 9 that the maximum indentation depths range
approximately between 3.59 to 7.47um. The load—depth curves
of the films indicated creep phenomenon of the specimens at
peak load of 20mN. In the case of G20-NaMMT20 films, greater
plasticity was revealed, with the G20-NaMMT10 samples
exhibiting higher elastic recovery than other composites. In
Figure 9, finite element analysis (FEA) results of load-depth
behavior are also presented, which demonstrate that there is
a good agreement between the measured nanoindentation
tests and the computationally generated curves in the case

of a series of representative conventional composite and
nanocomposite films.

Nanoindentation tests were applied to measure the
hardness and modulus of elasticity of the films (shown in
Figure 8) and were also used as input to FEA simulations
of mechanical properties of the materials under study. The
corresponding stress—strain curves of starch - based films were
further obtained from the nanoindentation results through
the FEA simulation method. As shown in Figure 10, there
is a good correlation between the stress—strain curves from
FEA simulation and tensile tests. For instance, the value of
the elastic modulus (initial slope) for the G20-NaMMT10
was determined to be 810 MPa and this is in agreement with
another work'®. Based on the findings it can be concluded that
the FEA supported by experimental nanoindentation technique
has shown to be a very effective method to characterize the
mechanical deformation behavior of conventional composite
and nanocomposite starch-based films.
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5. Conclusions

A series of conventional composite and nanocomposite
maize starch — based films were developed by a solution
mixing procedure with glycerol/water plasticizer containing
sodium montmorillonite (NaMMT) clay as reinforcing filler.
The instrumented indentation technique was used in this
study to characterize the mechanical properties of starch
bioplastic materials. Nanoindentation test results were
presented by the typical indentation load—penetration depth
curves of the obtained films. SEM micrographs with the x-ray
mapping analysis of the cross section of the films have also
confirmed that the incorporation of clay platelets into the
starch polymer matrix over the range of clay concentrations
up to 10wt% has formed a more compact and homogeneous
structure and improved the mechanical properties of the
nanocomposite films, while the XRD patterns indicated
an intercalated nanocomposite structure. The mechanical
behavior of thermoplastic starch-based composite films
was further investigated by combining the experimental
indentation curves with Finite Element Analysis (FEA)
simulations of indentation tests. The approach to simulate
the nanoindentation tests by FEA resulted in a very good
agreement with the experimental tensile test data. Thereby,
it is concluded that the proposed indentation testing method
has shown to be a very effective approach to characterize
the elastic - plastic deformation behavior of the starch/clay
nanocomposite films.
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