
Chapter 7
Development and Characterization
of PLA-Based Green Composites:
Experimental and Simulation Studies
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1 Introduction

In the present day, public attention has shifted toward the development of materials
by utilizing natural resources. The natural fibers are widely used as reinforcement in
partially and fully biodegradable green composites. Natural fibers are the potential
alternative to synthetic fiber for the manufacturing of cheap, renewable, and environ-
mentally friendly composites. The strong bonding between the fiber and the matrix
results in good mechanical properties of composites which lead to high load-bearing
performance. The composites are widely used in boat hulls, bulkheads, inner and
outer surfaces of different components due to their high corrosion resistance and
lightweight characteristics. The high specific stiffness and toughness, easy fabrica-
tion, high creep, and fatigue strength are the key characteristics of the composites for
which these materials are extensively used in aerospace, automobile, construction,
and electrical applications, to name a few. The behavior of compositemainly depends
on the part design and themanufacturing process. Simulation is the best way to create
an adequate relationship between these two stages for attaining the quality product.
The initial focus should be on the statistically derived values like strength properties
while designing the components of airspace, aircraft, automobile, etc. It is difficult to
design job parts with multiple materials, complex layups, and huge number of plies.
Thus, simulating the composite part is a challenging taskwhen comparedwith homo-
geneous materials like steel and plastic. Numerous experimental investigations have
been performed to study the behavior of several types of polymer and its composites.
However, the present work is focused on the development and characterization of
PLA-based green composites.
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2 Characteristics of PLA and Its Composites

PLA and its composites are emerging as a potential alternative to petroleum-based
plastics and composites. Many attempts have been made to improve the perfor-
mance of PLA and PLA-based composites. Abdulkhani et al. [1] prepared PLA
nanocomposite embedded with acetylate cellulose nano-fiber (CNF-Ac) and micro-
crystalline cellulose (MCC) through solvent casting. PLA-CNF-Ac composite exhib-
ited better mechanical properties when compared with PLA-MCC composite. The
tensile properties of the composite with different loadings of MCC and 1 wt% CNF-
Ac did not show any significant change. However, the tensile strength, strain, and
elastic modulus of PLA-CNF-Ac composite were improved with an increase in the
weight percentage of CNF-Ac to 3 and 5%. Nurnadia et al. [2] studied the mechan-
ical behavior of PLA-bamboo composite prepared by the twin screw extruder and
compression molding. The effect of fiber content and fiber length on the mechan-
ical and flexural properties of the composite was evaluated. It was revealed that the
mechanical performance of the developed compositewas significantly affected by the
fiber aspect ratio and fiber content. Sun et al. [3] studied the mechanical and thermal
properties of chemically treated PLA-coir fiber composite fabricated by injection
molding. The effect of treated coir fiber was evaluated in terms of tensile, impact,
and thermal properties of the composite. The increasing content of treated coir fiber
resulted in improved tensile modulus of the developed composite which was also
confirmed through morphological analysis. Eng et al. [4] studied the enhancement
in mechanical and thermal properties of PLA-polycaprolactone (PCL) blend with
an addition of hydrophilic clay nanomer PGV. PLA-PCL blend with nanomer PGV
showed significant enhancement inmechanical properties. Lay et al. [5] compared the
physical and mechanical properties of PLA, acrylonitrile butadiene styrene (ABS),
and nylon 6 fabricated by fuse deposition modeling (FDM) and injection molding
techniques. The tensile strength, Young’s modulus, elongation at break, and impact
strength of the fabricated samples were compared which showed that the mechan-
ical performance of the injection molded samples was better than the FDM samples.
Asadi et al. [6] analyzed the effect of different weight proportions of nanographene
(NG) on the mechanical properties of PLA-wood composites. The tensile and the
bending properties of the PLA-wood composite were improved by incorporating the
NG. It was found that the incorporation of 1.5% NG in PLA-wood fiber composite
resulted in significant improvement in tensile and bending properties. Aliotta et al. [7]
investigated the mechanical and interfacial properties of biocomposite composed of
natural cellulose fiber and PLA. The analytical models were developed to predict the
stiffness of the material and to estimate the adhesion between matrix and fiber. Chen
et al. [8] studied the performance of PLA-sugar beet pulp (SBP) composite using
polymeric diphenylmethane diisocyanate (pMDI) as a coupling agent. The tensile
strength of PLA-SBP composite with an addition of 0.5 and 2% pMDI resulted in
significant improvement in tensile strength. Parida et al. [9] investigated the tensile,
flexural, and impact properties of PLA-based composites reinforced with cellulose
nanofibers extracted from luffa cylindrical (LC). The composite exhibited better
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mechanical properties due to the incorporation of a lowweight percentage ofLCfiber.
The mechanical properties deteriorated as the fiber content was increased due to the
agglomeration of the cellulose fiber. Fujiura et al. [10] investigated the mechanical
properties of PLA-long jute fiber (LJF) composite fabricated by injection molding.
It was revealed that the tensile and flexural strength of the developed composite are
dependent on the molecular weight of the PLA. It was concluded that fiber disper-
sion and the mechanical properties of the PLA-chopped jute fiber (chopped-JF)
were better when compared with PLA-LJF composite. Huda et al. [11] compared the
PLA-wood fiber composite with PP-wood fiber composite. It was reported that the
PLA-wood fiber composite had better tensile and flexural properties when compared
with virgin resin. The flexural modulus of PLA-wood fiber composite was compa-
rable to that of PP-wood fiber composite.Musyarofah et al. [12] investigated a hybrid
composite of PLA-coir-fleece fiber composite fabricated by hot press molding. The
author concluded that the tensile properties of the composite were affected by the
addition of fiber. Kuciel et al. [13] studied the mechanical properties of PLA-basalt
fiber (BF) and PLA-wood fiber (WF) composite fabricated by injectionmolding. The
addition of WF led to a decrease in the tensile strength of the composite. PLA-BF
exhibited better mechanical properties. Righetti et al. [14] studied the mechanical,
thermal, and rheological properties of a biocomposite based on PLA and potato
pulp powder. It was concluded that increasing the percentage of potato pulp powder
resulted in a decrease in the tensile strength, elastic modulus, and elongation at break.
Rawi et al. [15] investigated the performance of PLA-bamboo composite fabricated
by compressionmolding. The impact strength of the composite in warp direction was
enhanced by 20% when compared one-on-one with pure PLA. Whereas the tensile
and flexural properties of the composite were found to be lower than expected. Sujar-
itjun et al. [16] investigated the tensile properties of PLA-natural fiber (untreated and
epoxy treated bamboo, vetiver grass fiber, and coconut fiber) biocomposite. It was
found that the stiffness increased and tensile strength decreased while increasing the
fiber content in untreated biocomposite. PLA-vetiver grass biocomposite showed
less improvement in the tensile properties when compared with other biocompos-
ites. Ramesh et al. [17] investigated the thermal, mechanical, and barrier proper-
ties of PLA bio-composite and PLA hybrid bio-composite. It was reported that the
addition of montmorillonite (MMT) clay to PLA hybrid bio-composite resulted in
improved properties while comparing with PLA bio-composite. Sujito et al. [18]
investigated the effect of bamboo fiber content on the mechanical properties of PLA-
bamboo composite fabricated by hot press molding. Zhao et al. [19] studied the
mechanical behavior of PLA-bamboo composite prepared by biaxial weft knitted
fabrics. The composite demonstrated excellent tensile and flexural properties. Hu
et al. [20] investigated the effect of fiber treatment, namely alkali, alkali-saline, and
alkali-titanate treatment on the properties of PLA-bamboo composites. The author
concluded that the alkali-titanate treated fiber composite exhibited better tensile, flex-
ural, and impact strength when compared with other treated fiber composites. Huda
et al. [21] compared the properties of chopped glass fiber (CGF) and recycled news-
paper cellulose fiber (RNCF) reinforced PLA composite using twin screw extruder
and injection molding. The tensile and flexural properties of PLA-RNCF composite
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were significantly higher as compared to virgin resin. Iwatake et al. [22] studied a
sustainable green composite of PLA-micro-fibrillated cellulose (MFC). The author
concluded that the incorporation of MFC resulted in increased tensile strength and
Young’s modulus of PLA by 40% and 25%, respectively. Bledzki et al. [23] inves-
tigated tensile, flexural, and impact strength of biocomposite based on PLA-abaca
and PLA-man-made cellulose fiber. The performance of both PLA-abaca and PLA-
cellulose fiber composite was superior to the native PLA. Lee et al. [24] studied the
impact, tensile, and dynamic mechanical properties of PLA-denim composite. The
author concluded that the impact, tensile, and dynamic mechanical properties of the
composite were improved by piling denim fiber to PLA. Huda et al. [25] studied a
biocomposite of PLA-recycled cellulose fiber processed by extrusion and injection
molding. The mechanical and morphological properties were compared by varying
the content of cellulose fiber to composite. The tensile and flexural properties of the
composite were significantly higher than the neat resin. Tayommai and Aht-Ong [26]
investigated the mechanical and biodegradability characteristics of PLA-coconut
green composite by changing the fiber content. The addition of maximum fiber
content resulted in improved impact strength but no significant change in the tensile
strength of the green composite. Suryanegara et al. [27] studied the mechanical and
thermal properties of PLA-micro-fibrillated cellulose nanocomposite (MFC). The
various contents of MFC and PLA were mixed in an organic solvent followed by
drying, kneading, and hot pressing into sheets. Increasing the MFC content in both
amorphous and crystallized state resulted in improved tensile strength and modulus
of neat PLA.

From the above discussion, it is clear that the researchers have majorly concen-
trated on improving the performance of PLA and its composites by various means
through experimentally. The modeling and simulation performed to understand the
mechanical behavior of green composites are rarely reported. Thus, in this study, the
mechanical behavior of PLA-bamboo green composite is evaluated both experimen-
tally and analytically. Both shell and solid green composites are modeled through
ANSYS Composite PrepPost module and analyzed by ANSYS Static Structural.
PLA-bamboo green composite is fabricated by hot compression, and the tensile
properties are evaluated experimentally. The experimental results are then compared
with the simulated results.

3 Modeling of Solid and Shell Composites

A rectangular plate of 150 mm × 150 mm × 1.5 mm is created as shown in Fig. 1.
ANSYS Composite PrepPost is used to enter the material data. The properties of
some materials already exist in ANSYS. In this study, the shell and solid composites
are created by entering the properties of PLA and bamboo. The properties of PLA
and bamboo considered are shown in Tables 1 and 2, respectively.

The mesh for the geometry is created after entering the materials data, as shown
in Fig. 2. The size of the mesh element and the mesh thickness is considered as
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Fig. 1 Rectangular
composite plate (Source
Author)

Table 1 Properties of PLA Properties Values

Density 1250 kg/m3

Melting temperature 180 °C

Young’s modulus 3.45E+09 Pa

Poisson’s ratio 0.33

Bulk modulus 5.2273E+09 Pa

Shear modulus 1.241E+08 Pa

Tensile yield strength 5.41E+07 Pa

Tensile ultimate strength 5.92E+07 Pa

Thermal conductivity 0.144 J m−1 s−1 c−1

Source Author

Table 2 Properties of
bamboo

Properties Values

Density 693 kg/m3

Young’s modulus 1.73E+10 Pa

Poisson’s ratio 0.384

Bulk modulus 2.4856E+10 Pa

Shear modulus 6.255E+09 Pa

Tensile yield strength 0.17 J m−1 s−1 c−1

Source Author

5 and 1 mm, respectively. Both shell and solid models are created and converted
into composites by defining the fabric and stackup properties. The thickness of the
bamboo fabric and polymer film is considered as 0.187 and 1.5 mm, respectively.
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Fig. 2 Models of shell and solid composites (Source Author)

ANSYS Composite PrepPost follows both top-down and down-top stackup. In the
top-down sequence, the first defined ply is placed first which is on the bottom of the
stackup, and the other plies are placed over it. In this study, stackup is defined as
top-down for unidirectional fabric.

After defining the material and the rosettes, the orientations and offset directions
are defined by oriented selection sets. Rosettes are coordinate systems that used to
set the reference direction of oriented selection sets. The offset direction is specified
by the orientation point and direction, as shown in Fig. 3. The fiber alignment is
specified by the reference direction and the relative angle of the modeling plies. The

Fig. 3 Orientation point, orientation direction, and fiber direction (Source Author)
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stacking sequence is executed by the order of modeling plies to the offset of the
oriented selection sets. The sequential order of ply generation is shown in Fig. 4.

The composite models are created in ANSYS Composite PrepPost module by
updating the properties of solid models. The ply sequence and the thickness of each
ply are considered while generating the composite models. Each ply is bonded to
each other in solid composite model. The ply creation, stackup, and properties play
a vital role in the creation of composite models. The different views of the solid and
shell composite models are shown in Figs. 5 and 6, respectively.

ANSYS Composite PrepPost is connected to the ANSYS Static Structural for
the purpose of analysis after generating the shell and solid models of composites.
The stress, strain, displacement, deformation, and forces on the components can
be determined using ANSYS Static Structural. The effect of static and time-varying
loads under different conditions can be executed using ANSYS Static Structural. The

Fig. 4 Flowchart of ply generation (Source Author)

Fig. 5 Different views of solid composite model (Source Author)
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Fig. 6 Different views of shell composite model (Source Author)

general procedure to perform the analysis is started with the creation of component
in workbench. The proper meshing of the component generates a model for analysis.
The solution taskbar is updated after applying the boundary conditions. Finally, the
results are evaluated according to the loading conditions of the component. After
updating the ANSYS Composite PrepPost setup, the setup is directly connected to
the model of Static Structural, as shown in Fig. 7. The model consists of two options:
(i) transfer shell composite data for analyzing shell composite and (ii) transfer solid
composite data for analyzing solid composite, as shown in Fig. 8.

Fig. 7 ANSYS composite PrepPost module connection with static structural (Source Author)

Fig. 8 Flowchart of model connection with shell and solid composite (Source Author)
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Fig. 9 Time-variant force graph for the application of force in stepwise (Source Author)

Fig. 10 Application of force in the fiber direction (Source Author)

ANSYS Static Structural setup for analysis blog is open once the data of shell
and solid composite is updated. In the analysis, the minimum time for every step is
fixed according to the force variant. The force can be applied either in a static or
time-variant form. In this study, the number of steps and minimum elapsed step time
for every step is considered as 1000 and 1 s, as shown in Fig. 9. For every step, a
force of 100 N is applied on the plate of shell and solid composites incrementally up
to 100 steps. The one end of the plate is fixed by using a fixed support option in the
Static Structural. The other end of the plate is selected and applied a force of 100 N
in vector form. The force is applied in the direction of the fiber as shown in Fig. 10.

4 Composite Preparation and Testing

The green composite is developed using bamboo fiber and PLA. PLA pellet used as
binding material is purchased from Natur Tec India Pvt. Ltd, India. The crystalline
melting and glass transition temperature of PLA are 150–170 and 55–60 °C. The
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density of PLA is 1.25 g/cm3. The bamboo fiber is supplied by Sri Lakshmi Group,
Andhra Pradesh, India. The fabrication of the green composite is performed using the
compression molding setup. A compression molding setup is developed in house by
retrofitting the upper and lower plates of the mold in the universal testing machine
(UTM). The required pressure for compression is applied using the UTM. Two
heating elements are placed above and below the top and bottom mold plates. The
temperature of the mold plates is measured using K-type thermocouples. Initially,
the moisture from the fiber and PLA pellets is removed by keeping them in an oven
at 80 °C for 4 h. Then PLA film of 1.5 mm in thickness is fabricated by maintaining
the temperature and pressure of 170 °C and 3 MPa. The shaped film is allowed
to cool for 3 h under the same pressure in the mold. A total of three layers of
bamboo fiber are stacked alternatively between the PLA films and compressed at a
temperature of 170 °C. The fabricated composite plate is removed from the mold
once the consolidation is completed under the pressure of 6 MPa. The tensile testing
of the composite is performed at a crosshead speed of 2 mm/min using the UTM as
per ASTM 3039.

5 Results and Discussion

The effect of tensile load on the developed composite is analyzed both experimentally
and analytically. The maximum tensile stress of the composite obtained experimen-
tally is 73.23 MPa; whereas, the maximum tensile stress of the shell composite
obtained analytically is 72.53 MPa, as shown in Fig. 11. This indicates that the
analytical value is quite close to the experimental value. The deviation between the
experimental and analytical tensile stress is 0.009%. Figure 12 shows the maximum
tensile stress of the solid composites is 65.20 MPa. This indicates that there is a
10.9% deviation in the tensile stress while comparing the analytical tensile stress
with experimental tensile stress. In shell composite, tensile stress is the maximum

Fig. 11 Maximum stress and strain of shell composite (Source Author)
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Fig. 12 Maximum stress and strain of solid composite (Source Author)

at the fixed end, and the stress is the minimum at the side end. Similarly, the tensile
stress is maximum at the fixed end and minimum at the force applying end for the
solid composite. The maximum tensile stress deviation between the shell and solid
composites is 7.33MPa. This shows that the performance of shell composite is better
than the solid composite. The maximum strain in terms of displacement is 7.2 mm
for solid composites. This exhibit almost the same maximum tensile strain obtained
both analytically and experimentally tested specimens. The strain is more in the shell
composite when compared one-on-onewith solid composites. Figure 13 shows stress
versus strain plots for both solid and shell composites which clearly indicate a slight
variation in the maximum tensile stress between the solid and shell composite.

Fig. 13 Stress versus strain
of shell and solid composites
(Source Author)
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Fig. 14 Strain energy of solid and shell composite (Source Author)

The strain energy of the solid and shell composite is shown in Fig. 14. The strain
is the maximum at the force applying end and minimum at the fixed end in solid
composite; whereas, the scenario is completely different in shell composite. The
maximum strain energy is in the middle of the fixed end region and minimum at the
corner of the fixed end of the shell composite. In solid composite, all the particles
are closely packed, and the applied force acts on every node of the composite. The
strain energy is more due to the presence of shell elements in the shell composite.
Both strain and strain energy at the corner of the fixed end are the minimum in shell
composite. Figures 15 and 16 show the behavior of strain energy with respect to the
strain. The figures clearly indicate that the strain energy increases with an increase
in the strain. The figures also reveal that the strain energy of solid composite is less
when compared with the strain energy of shell composite.

Fig. 15 Variation of strain energy with strain in solid composite (Source Author)

Fig. 16 Variation of strain energy with strain in shell composite (Source Author)
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6 Comparative Analysis of the Mechanical Properties

It was reported that the PLA-untreated bamboo fiber composites had the maximum
tensile strength of 60.6 MPa [20]. Another study reported that compatibilization
between polymer and fibers is necessary for obtaining composites with improved
tensile and impact properties with respect to raw PLA which is required in the auto-
motive or electronic sectors [7]. Ramesh et al. [17] showed that the PLA-treated
aloe vera fiber (TAF) hybrid biocomposites containing 1% montmorillonite (MMT)
clay resulted in improvement in the impact, flexural, and tensile strength by 10.43,
6.08, and 5.72% when compared with PLA biocomposite. Sujito et al. [18] studied
the effect of bamboo fiber loading (15–75%) on the tensile and flexural properties
of PLA-short single bamboo fiber green composites. The investigation showed that
the tensile and flexural properties were significantly affected by the fiber content.
The best tensile and flexural properties of the developed green composites were
obtained at the bamboo fiber loading of 40%. The green composite at this fiber
loading had the maximum tensile strength of 110.47 ± 5.35 MPa, Young’s modulus
of 4.33 ± 0.27 GPa, flexural strength of 164.47 ± 43.34 MPa, and flexural modulus
of 9.93 ± 2.67 GPa; whereas, the neat PLA considered for the purpose of inves-
tigation had the maximum tensile strength of 11.5 MPa. The improvement in the
interfacial adhesion between the reinforcement and matrix due to the addition of
polymeric diphenylmethane diisocyanate (pMDI) coupling agent resulted in signif-
icant improvement in the tensile strength of PLA-sugar beet pulp (SBP) composite
(64 MPa) as compared to the tensile strength of the composites without the addition
of coupling agent (37.5 MPa) [8]. PLA-recycled newspaper cellulose fiber (RNCF)
composite containing 30 wt% RNCF exhibited the tensile strength of 67.9 MPa
which was quite higher than the tensile strength of virgin PLA (62.9 MPa) [21].
The uniform dispersion of 10 wt% micro-fibrillated cellulose (MFC) fiber in PLA
resulted in improvement in Young’s modulus (4.7 GPa) and tensile strength (75MPa)
by 40% and 25%, respectively [22]. PLA composite reinforcedwithman-made cellu-
lose achieved the highest tensile and flexural strengths of around 92 and 152 MPa,
respectively [23]. Composite of PLA and three layers of denim fabric showed tensile
strength and modulus of 75.76 MPa and 4.65 GPa, respectively [24]. The above
discussion shows that many attempts have been made to improve the mechanical
properties of PLA-based green composites. Chemical treatment of fibers, use of
compatibilizer, varying the fiber loading, etc., are some of the attempts made to
improve the mechanical performance of PLA-based green composites. In this work,
the maximum tensile strength of 73.23 MPa is obtained for the developed PLA-
bamboo composite which is comparable to the other type of PLA-based green
composites.
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7 Conclusions

In this study, both experimental and simulation works are performed to investi-
gate the characteristics of PLA-bamboo green composites. The PLA-bamboo green
composite is fabricated by compression molding and then mechanical testing is
performed. The simulation is performed by developing shell and solid composite
models using ANSYS Composite PrepPost module and then analyzed through
ANSYS Static Structural. The simulation results show that the maximum tensile
stress of shell and solid composites are close to the experimental tensile stress
(73.23 MPa) of PLA-bamboo composite. PLA-based green composites reinforced
with different fibers like sugar beet pulp (SBP), recycled newspaper cellulose fiber
(RNCF), micro-fibrillated cellulose (MFC), and abaca fiber exhibiting almost the
same tensile strength. The maximum tensile stress of the shell composite is more
(72.53 MPa) than the solid composite (65.20 MPa). The experiential strain and the
strain obtained through simulation are almost same. However, the strain in shell
composite is more as compared to the solid composite. The strain energy of the shell
composite is also more than the solid composite.
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