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Today, contrary to the benefits and advantages that the use of polymer materials has had for humans, the
use of these materials has caused environmental problems for human life due to their non-degradability
in nature. Therefore, the use of biodegradable polymers such as polylactic acid (PLA) is increasing. One
of the main applications of plastic materials is the production of disposable containers. In this research,
the thermoforming process of PLA sheets reinforced with graphene oxide nanoparticles (nGO) (0.4 and
1 wt.%) was investigated. Scanning electron microscopy (SEM) and X-ray diffraction (XRD) were used
to study the morphology of the samples before and after thermoforming. The mechanical properties
before and after the thermoforming process were investigated by tensile test. The results showed that
after the thermoforming process, the tensile strength of the sheets significantly increased, so that for the
Thickness Distribution sa_mple cor]taiping_ l\A_/t.% o_f nQO, the tensile strength increased by _about 70%. The results_ of the
Differential Scanning Calorimetry Thermal thlckn_ess distribution investigation §h9wed that the lowest amount of thickness reduction, approximately
Test 68%, is related to the sample containing 1 wt. % of nGO. The results of the DSC thermal test showed
that the degree of crystallinity of the samples significantly decreased after thermoforming.
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1. INTRODUCTION (PLA) [1]. Polylactic acid is a popular biodegradable and
biocompatible polyester obtained from the condensation

Plastics based on petroleum materials such as of lactic acid extracted from renewable sources such as

polypropylene,  polyethylene,  polystyrene,  and
polyethylene terephthalate are strong, easy to process,
durable, and relatively cheap. However, due to non-
biodegradability, it creates problems when sending these
materials to the waste stream. Biodegradable polymers
have the potential to be a solution to the problem of
plastic waste along with decreasing availability of
landfills, global warming caused by increasing amounts
of carbon dioxide in the atmosphere, and efforts to find
sustainable or renewable raw materials. One of the most
widely used biodegradable plastics is polylactic acid
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corn, sugarcane, and sugar beet pomace [2]. Recent
advances in the polymerization industry of PLA, which
have led to a reduction in the price of this polymer
material, have made PLA able to compete with oil-based
industrial polymers in terms of price [3]. Although this
polymer has advantages such as environmental
compatibility, high strength, and modulus, and a cost
comparable to petroleum-based polymers, its inherent
fragility, low hydrophilicity, and gas permeability limit
its use. Adding nano fillers in low content such as nano-
clay [4, 5], cellulose nanofiber /Ag [6], carbon nanotube

Please cite this article as: S. Honarmandnia, H. Shahrajabian, Effect of nGO on Morphology, Mechanical Properties and Thermal Behavior of
PLA/nGO Sheets Before and After Thermoforming: An Experimental Study, International Journal of Engineering, Transactions C: Aspects,
Vol. 36, No. 09, (2023), 1695-1703



mailto:h.shahrajabian@pmc.iaun.ac.ir

1696 S. Honarmandnia and H. Shahrajabian / IJE TRANSACTIONS C: Aspects Vol. 36 No. 09, (September 2023) 1695-1703

[7], silica [8], silicon carbide [9], and titanium oxide [10]
increases the mechanical, thermal, electrical and
antibacterial properties of the polymer matrix.

Recent researches have been shown that nano
graphene oxide (nGO) is a suitable alternative for nano-
clay in polymer matrix due to low density, high thermal
conductivity, and high mechanical properties [11-14].
One of the attractive features of nGO is good interaction
and combability with polymer matrices due to the polar
structures of GO (containing carbonyls, hydroxyls, and
epoxides groups) [15]. Sharifiana and Shahrajabian [16]
increased the elastic modulus and strength of the PLA
matrix by 32% and 18%, respectively, by incorporating
nGO in content of 0.4 wt.%. Fredi et al. [17] improved
strain at the break point of PLA from 5.3% to 10.0% by
adding nGO in content of 0.25 phr. Khammassi et al. [18]
added GO and Ag nanoparticles into the PLA matrix and
observed that the crystallization temperature increased
from 105.8C to 122.54C, and the indentation load (in
the nanoindentation test) enhanced by 28%.

Thermoforming is the most common method for
producing disposable polymer containers [19]. Various
polymer products, from electronic devices to medical
products with materials of HDPE, ABS, PP, PS, and
PLA, are produced by thermoforming method [20, 21].
In this process, a thermoplastic film or sheet which
heated up to softening point of polymer (above glass
transition temperature and lower melting point) is
stretched into a female or male die by vacuum (vacuum
assisted) or punch force (plug assisted) [22-24]. Various
studies were done to investigate variables of the
thermoforming process, such as viscoelastic behavior of
sheet polymer, vacuum pressure, sheet temperature,
heating time, and plug rate on product quality by
experiments or finite element simulation [25-28]. They
concluded that there are many independent variables
which influence each other, and it is difficult to highlight
an effective parameter.

PLA, due to its biodegradability, is a favorite polymer
in packing industries [29], and therefore some research
focused on thermoforming of PLA [30, 31]. Although a
lot of research has been conducted on PLA
thermoforming, little research has been done on the
thermoforming process of PLA reinforced by nanofillers.
Barletta and Puopolo [32] added calcium carbonate
nanoparticles into PLA/PBS matrix, and studied the
processability of the nanocomposite sheets by a
thermoforming process. Considering the little research
done on the thermoforming process of PLA
nanocomposites, this research tries to investigate the
thermoforming process of PLA nanocomposite sheets.
The effect of nGO content on the thickness distribution
of the sheets after forming was investigated. The
influence of nGO on the morphology, mechanical
properties, and thermal behavior of the sheet before and
after thermoforming was examined.

2. MATERIALS AND METHODS

2.1. Materials  polylactic acid (PLA) granules (Bio-
flex®F 6510 grade) of melting point 160C, with a
molecular weight of 198000 g/mol, a density of 1.3 g/cm?
procured from Fkur GmbH, Germany. nGO in thickness
of 3.2-4.5 um was used as reinforcement in PLA matrix,
and prepared from NANOSANY Co., Iran. Chloroform
was used as the solvent of PLA, and obtained from Merck
(Darmstadt, Germany).

2. 2. Preparation PLA and nGO were dried in a
vacuum oven at 90C for 10h before processing. The
nanocomposite films were prepared by a solvent casting
technique. PLA granules weighing 5 g were dissolved on
110 ml of chloroform and mixed by a magnetic mixer for
5h to solve PLA granules completely. In the next step,
nGO with a certain amount was dispersed in 15 ml of
acetone solvent by ultrasonic homogenizer for 15 min.
Then, nGO solution was added into PLA solution and
stirred for 15 min by an ultrasonic homogenizer. Finally,
the solution was poured into a glass container and was
kept at ambient temperature for 24h to remove solvent
and dry the sheets. To remove the solvent completely, the
sheets were placed in a vacuum oven at 45 C for 4 days.
The composition of the prepared samples are stated in
Table 1.

2. 3. Thermoforming All steps of the process,
consisting of sheet preparation and thermoforming
process, are presented in Figure 1. After preparing the
nanocomposite sheets, the thermoforming process was
done. The thermoforming was done by vacuum-assisted
thermoforming technique. The product dimensions are
shown in Figure 2. The polymer sheets were heated by a
heater, which was placed on top of the sheets and
followed by a vacuum process. A vacuum is applied
when the temperature of the sheets reaches about 110 C.
The temperature of the sheets was measured by a
thermometer. Figure 3 shows thermoformed sheets.

2. 4. Characterization The morphology and
structures of the PLA and PLA/nGO sheets were
investigated by field emission scanning electron
microscopy (FE-SEM) and X-ray diffraction (XRD). X-
ray diffraction pattern was obtained by a PHILIPS 1050
with Cu-ka lines. Scanning was between 10°to 30°(20) by

TABLE 1. The composition of the samples

Sample nGO (wt.%) PLA (wt.%)
PLA - 100
PLGO0.4 04 99.6
PLG1 1 99
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Figure 2. Product dimensions

step of 0.05°and scanning rate of 0.5/min. The mechanical
properties of the unformed sheets and formed sheets were
evaluated by tensile test. Tensile test was done at room
temperature by HOUNFFIELD machine test model of
H25KS at a feed rate of 1 mm/min according to ASTM
D638 to measure tensile strength and elastic modulus

Figure 3. Thermoformed sheets

(Figure 4). The thermal behavior of the PLA and
nanocomposite sheets was studied by differential
scanning calorimetry (DSC) test. A SANAF DSC
analyzer (Iran) in a temperature range of 20C to 210C
by a heating rate of 10 ‘C/min was used to determine the
melting point (Tm), glass transition temperature (Tg), and
melting enthalpy. The thickness variation (distribution)
of the formed sheet was measured along cross-section on
halved samples by a dial caliper with a resolution of 0.01
mm. The measurements were done in 8 points in the cut
section. Figure 5 shows a schematic view of the section
in which thickness variations were measured.

3. RESULTS

3. 1. Morphology  Figure 4 shows the dispersion of
nGO through the PLA matrix in the sample containing 1

(b)

Figure 4. Tensile test set-up
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Figure 5. Points of thickness measurement

wt.% of nGO in two different magnifications by FE-
SEM. As shown in Figure 4(a), GO nanoparticles have
been dispersed in polymer matrix uniformly. Figure 4(b)
shows the dispersion in higher magnification. In this
figure, the uniform dispersion of nGO particles is more
clearly visible, so that a nGO nanoparticle with an
approximate length of 2 pm can be clearly seen in this
figure. With a closer look, it can be seen the good
adhesion of the nanoparticle to the polymer matrix. As
shown in Figure 6, the nanoparticles the particles are well
distributed on a nanoscale.

WD: 14.84 mm | MIRA3 TESCAN|

Det: SE 50 pm
um_ Date(midiy): 03125119 RMRC FESEM

SEMHV:5.0kV | WD: 1434mm MIRA3 TESCAN|

SEM MAG: 35.0kx | Det: SE
View field: 5.03 ym_|Date(midly): 03125119 RMRC FESEM

(b) GO nanoparticle in PLG1
Figure 6. FE-SEM images of the samples

3. 2. X-ray Diffraction  The X-ray diffraction pattern
of PLA and nanocomposite sheets before the
thermoforming process is shown in Figure 7. A broad
peak can be seen between 20=10°to 26=30°for neat PLA
sheet. This broad peak indicates the amorphous nature of
the PLA crystal structure or has small crystals. The
solution casting method can be the reason for the
amorphous crystal structure, while PLA is a semi-
crystalline polymer when it is produced by melting
method. In the samples of PLG0.4 and PLG1, two peaks
in 26=16.7°and 26=19.3 *are observed. These two peaks
represent planes of (200/110) and (203) in a type PLA
with orthorhombic crystal structure, respectively. The
presence of these two peaks in samples PLGO0.4 and
PLG1 indicates that adding nGO has caused the
formation of the crystalline structure or an increase in the
PLA crystalline percentage. GO nanoparticles have been
able to act as nucleation sites for crystal formation and
increase the crystalline rate of the PLA matrix. By
observing the figure more closely, it can be seen that the
peak intensity is higher for the samples of PLG0.4 and
PLG1,; as a result, the crystallization rate in this sample
can be higher. The X-ray diffraction pattern of PLA and
nanocomposite sheets after thermoforming process is
shown in Figure 8. After the thermal forming process, the
peaks at 16.7° and 19.3° have disappeared, and a new
small peak has formed at 21.5° which corresponds to the
(015) plane. The disappearance of the peaks after the
thermoforming process shows that the severe
deformation caused by the thermal forming process
destroyed most of the crystals and changed other parts.
By comparing Figures 7 and 8, it can be found that the
application of severe thermal deformation can reduce the
crystallization of the PLA matrix.

3. 3. Thickness distribution PLA and
nanocomposite sheets were produced in the form of cubic

Intensity (a.u.)

PLGO0.4

PLA

10 12 14 16 18 20 22 24 26 28
20(degree)
Figure 7. X-ray pattern of the sheets before thermoforming
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Figure 8. X-ray pattern of the sheets after thermoforming

containers after thermoforming in female die. After the
thermal forming process, the containers were cut, and the
thickness of the sheets was measured at several points.
The thickness distribution results for three samples of
neat PLA, PLGO0.4, and PLG1, are shown in Figure 9. As
shown in this figure, the thickness of the edges of the
sheets that have not been subjected to tension is almost
equal to the thickness of the produced sheets
(approximately 0.5 mm). By moving away from the edge
and in the wall section of the containers, the thickness has
decreased due to the tension. The decrease in thickness is
increased by increasing the height from the edge of the
container. On the side of the bottom of the container, this
decrease in thickness continued until approaching the
center of the bottom of the container; due to less tension,
the thickness of the wall slightly increased. By
comparing the samples, it can be observed that the
reduction in wall thickness was lower for the samples
containing graphene oxide nanoparticles. By increasing
the percentage of graphene oxide nanoparticles from 0.4
to 1 wt.%, the thickness reduction is less. The maximum
thickness reduction for neat PLA is 80%, while for
PLGO0.4 sample is 76%, and for PLG1 sample is 68%.
This reduction in thickness changes for samples
containing graphene oxide nanoparticles can be due to
the higher strength of nanocomposite sheets because of
the higher percentage of polylactic acid crystallization
and the presence of graphene oxide nanoparticles.

3. 4. Mechanical Properties The mechanical
properties of the sheets before and after thermoforming
were evaluated by tensile test, and the stress-strain curves
of the sheets before and after thermoforming are shown
in Figures 10 and 11, respectively. The obtained data
from stress-strain curves containing tensile strength,
tensile modulus, and strain at break point (elongation) are
presented in Tables 2 and 3. By adding graphene nano-
oxide up to 1 wt.%, the elastic modulus increased
from2630 MPa to 3670 MPa, which shows an increase in

0.6 4
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R
1
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0 2 4 6 8

Points 1-8 (From edge to center)
Figure 9. Thickness distribution of the samples
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Figure 10. Stress-strain curve of the sheets before
thermoforming
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Figure 11. Stress-strain curve of the sheets after
thermoforming

about 40%. The tensile strength also increased
continuously from 28 MPa to 37 MPa by addition of
graphene oxide nanoparticles up to 1 wt.%, which shows



1700 S. Honarmandnia and H. Shahrajabian / IJE TRANSACTIONS C: Aspects Vol. 36 No. 09, (September 2023) 1695-1703

TABLE 2. Obtained data from stress-strain curve of the
samples before thermoforming

sample Young’s modulus Tensile Elongation
(MPa) strength (MPa) (%)
PLA 2630+130 28+3 21+15
PLGO.4 3452+170 32445 17+1.25
PLG1 3670+150 376 12+2

TABLE 3. Obtained data from stress-strain curve of the
samples after thermoforming

sample Young’s modulus Tensile Elongation
(MPa) strength (MPa) (%)
PLA 5210+160 42+4.5 11.5+1.85
PLGO0.4 5310+150 46+6.5 10.2+1.65
PLG1 5430+170 6318 6.8£1.42

a 32% increase in tensile strength. Unlike the elastic
modulus and tensile strength, adding nGO into PLA has
reduced the strain at the break point. The elongation for
PLA is 21%, and by adding 1 wt.% of nGO, it has
decreased to 12%. The results showed that adding
nanoparticles has a significant positive effect on strength
and elastic modulus. The reason for that can be
considered to be an increase in the crystallinity of the
PLA matrix, and the other is that the nanoparticles were
able to support a part of the applied stress to the polymer
matrix. After the sheets were subjected to thermoforming
process and produced as plastic containers, tensile test
samples were prepared from the bottom of the containers
and subjected to tensile test to compare the mechanical
properties of polymer and nanocomposite sheets before
and after the thermoforming process to be compared, to
determine the effect of the stretching process during
thermoforming on the mechanical properties of the
samples. Figure 11 shows the stress-strain curve of the
samples after thermoforming. According to this curve,
the elastic modulus of all three samples is almost the
same and is about 5.3 GPa. By comparing this modulus
with the elastic modulus of the samples before
thermoforming process, it can be seen that the elastic
modulus has significantly increased, so that for neat PLA,
the modulus increased from 2630 MPa to 5210 MPa,
which shows an increase of about 100%. The tensile
strength for neat PLA is 42 MPa, and for the sample
containing 1 wt.% of nGO increased to 63 MPa. By
comparing the tensile strength of the samples before and
after the thermoforming process, it can be understood
that the strength had also increased significantly, so that
for the sample containing 1 wt.% nGO, the tensile
strength from 37 MPa before the thermoforming
increased up to 63 MPa after thermoforming, which
shows an increase of about 70%. The values of strain at
the break point for all three samples after thermoforming

show a significant decrease in compared to before
thermoforming. Almost for all three samples, the strain
has decreased by about 50%. From the tensile test results,
it can be concluded that the strength and rigidity of
polymer sheets after the thermoforming process
increased and their flexibility decreased.

3. 5. Thermal Properties In order to investigate the
thermal behavior and degree of crystallinity of PLA and
nanocomposite sheets, a DSC test was performed. The
melting scan for the sheets before the thermoforming
process and after the thermoforming process are shown
in Figures 12 and 13, respectively. Data related to DSC
diagram, including glass transition temperature (Tg),
melting temperature (Tm), heat of diffusion (AHm), and
crystallinity (y) for the sheets before and after the
thermoforming process, is given in Tables 4 and 5,
respectively. The degree of crystallinity can be expressed
by the following formula (1):

AH
X (%) = . x100 (1)
m
PLGL
= PLGO.4
g
B PLA

20 40 60 8‘0 :L(IJO 1é0 1;10 léO 15‘30 2(‘)0
Temperature (°C)
Figure 12. DSC melting scans of the sheets before
thermoforming

Intensity

20 40 60 80 l(I)O léO 1;10 1;30 1;30 ZCI)O
Temperature (°C)
Figure 13. DSC melting scans of the sheets after
thermoforming
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TABLE 4. The DSC data of the sheets before thermoforming

Sample T4 (°C) Tm (°C) AHn (Jg7) % (%)
PLA 37.7 147.8 54 5.7

PCNF 375 146.9 10.31 11.4
PCNFAg1 41.8 1515 12.35 13.2

TABLE 5. The DSC data of the sheets after thermoforming

Sample Ty (°C) Tm (°C) AHn (Jg7) % (%)
PLA 45 122.3 3.3 35
PCNF 60.2 149 6.05 6.5
PCNFAg1 59.2 146.7 8.52 10.98

where AHS,with value of 93 J/g is the heat of diffusion
for 100% crystallite PLA.

Based on the data in Table 4, by adding nGO up to 1
wt.% to PLA, Tg has increased from 37.7°C to 41.8C.
An increase in Tg showed that the presence of nGO
reduced the mobility of polymer chains and prevented
them from moving. Melting temperature data showed
that the melting temperature has increased from 147.8 C
to 151.5C. This increase in the melting point is due to an
increase in the crystallinity and thickness of the lamellae.
According to the crystallinity data obtained from the
DSC scan, the degree of crystallinity in PLA has
increased from 5.7 to 13.2% by adding nGO up to 1 wt.%.
Crystallization results are also confirmed by x-ray test.

The DSC curve of the samples after thermoforming is
given in Figure 13. By looking at this curve, it can be seen
that the melting peak has become very small for neat
PLA, which shows that the structure of this sheet has
almost become amorphous after thermoforming. By
comparing the data in Tables 4 and 5, it can be concluded
that after the thermoforming process, Tg has significantly
increased. For neat PLA, this temperature increased from
37.7C to 45C, and for the PLGO0.4 sample, it increased
from 37.5 to 60.2, which is a significant increase. This
increase in Tg is caused by the stretching of the polymer
chains and their entanglement, which limits their
mobility. The comparison of melting temperature data for
samples containing nGO shows that the melting
temperature before and after thermoforming has not
changed significantly. But for neat PLA, it can be seen
that the melting temperature decreased from 147.8C to
122.3C, which shows a significant decrease. This is due
to a considerable reduction in the crystallinity of the neat
PLA. The data on the degree of crystallinity of the
samples before and after thermoforming showed that the
crystallinity has decreased for all samples.

4. CONCLUSION

In this research, thermoforming process of PLA/nGO
nanocomposite sheets carried out. The x-ray diffraction

patterns after thermoforming showed that the peacks in
16.7° and 19.3° disappeared, and a new small peak is
formed at 21.5° which corresponds to the plane (015).
According to the results of the thickness distribution of
the samples after thermoforming, the decrease in wall
thickness was lower for the samples containing graphene
oxide nanoparticles. After thermoforming process,
tensile strength of the samples significantly increased, so
that for the sample containing 1 wt.% of nGO, the tensile
strength increased from 37 MPa before the
thermoforming to 63 MPa after the thermoforming
process. By comparing the DSC thermal test data before
and after thermoforming, it can be understood that the Ty
has significantly increased after the thermal forming
process. For neat PLA, this temperature increased from
37.7TC to 45T, and for the PLGO0.4, it increased from
37.5C 10 60.2 C. For all samples, the degree crystallinity
decreased.
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