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ABSTRACT

The inherent brittleness of PLA is a major challenge for its use in various
applications. In this study, the effect of incorporation of halloysite nanotube
(HNT) and polyethylene glycol (PEG) on mechanical and thermal properties of
polylactic acid (PLA) was investigated. Various concentrations of PEG-600 and
HNT were used with PLA, and films were prepared by solvent casting method.
Mechanical, morphological, and thermal properties of these composite films
were investigated to study the effect of PEG and HNT on the properties of PLA.
Addition of PEG increased elongation at break, but reduced the tensile strength.
However, addition of HNT in PLA/PEG compensated the fall in tensile
strength. Addition of 3 wt% HNT into PLA blend involving 5 wt% PEG
increased its elongation at break by 640% and tensile strength by 22%, while no
significant change in Young’s modulus was observed. Dynamic mechanical
thermal analysis (DMTA) showed significant improvement in storage modulus
of PLA/PEG/HNT films in the rubbery region. Glass transition temperature
decreased for the PEG-plasticized films, while the crystallinity improved as
compared to neat PLA. Thermal stability of PLA/PEG/HNT films was higher
than those of PLA, PLA/PEG, and PLA/HNT films. The degree of crystallinity
obtained using X-ray diffraction analysis showed good agreement with that
determined from differential scanning calorimetry (DSC).
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Introduction

With a plethora of innovations and excessive
dependence on non-biodegradable materials like
conventional plastics, humans have depleted the
natural resources at a rigorous pace, causing major
environmental issues like pollution escalation and
dumping space congestion. Use of biodegradable and
renewable raw materials has become the necessity of
the time, and biopolymers like polylactic acid (PLA)
offer a green and sustainable solution to such envi-
ronmental issues with attractive mechanical and
thermal properties [1]. Owing to its numerous
advantages, PLA’s acceptance in various fields like
medicines, packaging, agriculture, and automotive is
increasing day by day [2]. Despite having useful
properties like high tensile strength comparable to
other commodity polymers (e.g., polyesters,
polypropylene, PVC, etc.), the application of PLA in
biocomposite field is limited due to its low impact
strength and low flexibility or ductility [3, 4]. Thus,
there is an exigent need to balance the stiffness—
toughness properties of PLA without impacting its
biocompatibility and biodegradability and make it
more acceptable for various applications.

Several approaches have been explored by the
scientists and researchers to improve the toughness
of the PLA, for example grafting with suitable poly-
mers, physical blending with plasticizers etc.
[2, 5-10]. Commonly used plasticizers to counter the
brittle behavior of PLA are polyethylene glycol (PEG)
[5], polypropylene glycol (PPG) [6], epoxidized soy-
bean oil (ESO), epoxidized palm oil (EPO) [7].
Jacobson and Fritz [8] used three different plasticizers
(PEG-600, partial fatty acids, and glucose monoe-
sters) for PLA and found that the glass transition
temperature (Tg) of PLA dropped with slight or no
change in melting point. Also, the tensile strength
and tensile modulus decreased with the addition of
plasticizers, while elongation at break increased
drastically. The principal disadvantage of using these
plasticizers is a consequent decrease in the tensile
strength of toughened PLA. Thus, to balance the
strength and toughness of PLA, a synergistic
approach is required. One such alternative technique
to achieve high strength and modulus is to add
nanofiber or nanoparticle while manufacturing plas-
ticized PLA composites films. Shi et al. [9] studied the
effect of plasticizer (PEG) and nanofillers (precipi-
tated calcium carbonate, HNT, LAK) simultaneously

@ Springer

J Mater Sci (2019) 54:8971-8983

in the PLA matrix. They found that the nanofillers
acted as the reinforcement, while the plasticizer was
effective in improving the PLA chain mobility.
Mohapatra et al. [10] also studied the effect of PEG on
PLA and its nanocomposites and found that the
addition of nanofillers (organoclay) in PLA/PEG
matrix improved the tensile and impact properties.
Use of different nanofillers like nanoclay, zinc oxide
nanoparticles, carbon nanotubes (CNTs), graphene
nanoplatelets (GNPs), cellulose nanofibers (CNFs) is
currently being practiced to improve the mechanical
and thermal properties of PLA [11-14]. Among all
other nanofillers, nanoclays have drawn a lot of
attention among researchers due to their chemical
structure, mechanical properties, and cost-effective-
ness as they are copiously available on earth’s
surface.

Halloysite nanotubes (HNTs), a potential nanofiller
candidate, have large aspect ratio, high mechanical
strength, good biocompatibility, and low cost. HNTs
are one-dimensional naturally occurring aluminosil-
icates with a tubular structure. Their molecular for-
mula is A125i205(OH)4-nH20 which is similar to that
of hydrated kaolinite [15]. HNTs are relatively
hydrophobic in comparison with other nanoclays as
it contains less hydroxyl (-OH) groups on the sur-
faces, and its outer surface primarily comprises a
siloxane with a few silanols/aluminols exposed on
the edges. Therefore, it is easy to disperse HNT in a
nonpolar polymer just by the application of shear.
However, the inherent hydrophobicity of HNTs does
not provide sufficient interfacial adhesion in polymer
nanocomposites [16]. Use of HNTs as a nanofiller in
polymers improves the mechanical and thermal
properties significantly [17, 18]. Dong et al. [19] have
prepared PLA/HNT composites mats using electro-
spinning and observed an improvement in tensile
strength and modulus with improved thermal sta-
bility. Esma et al. [20] reported the use of PEG and
TPU as a plasticizer for the processing of the PLA/
HNT nanocomposites by melt compounding. They
found that TPU showed better compatibility with
PLA than PEG and improved the flexibility of
nanocomposites without compromising the strength.

Limited work has been reported on the use of HNT
as reinforcement for PLA nanocomposites, though it
is a very promising nanofiller. To the best of our
knowledge, no work has been reported till date on
the processing of PLA/HNT nanocomposites with
PEG by solvent casting at room temperature. In this
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study, composite films of PLA have been prepared by
solvent casting technique, where HNT acted as a
reinforcement and PEG as a plasticizer. Effect of
different combinations of HNT and PEG concentra-
tions on the morphological, mechanical, and thermal
properties of PLA nanocomposite films was studied.

Materials and methods
Materials

Polylactic acid (PLA) 4043D in the form of pellets
with 94% v-lactic acid and 6% D-lactic acid content
[21] was supplied by NatureWorks Co. Ltd. Coim-
batore, India. Halloysite nanotube (HNT) was pur-
chased from Natural Nano Inc. USA. Polyethylene
glycol (PEG, molecular weight = 600) was procured
from Sigma-Aldrich. Dichloromethane (DCM) of AR
grade was purchased from Fischer Scientific.

Preparation of PLA and PLA-based
nanocomposite films

Solvent casting method, with dichloromethane
(DCM) as solvent, has been used for the preparation
of samples. Four different concentrations of PEG-600
(3, 5, 10, and 20 wt% of PLA) have been used to
improve the ductility of PLA. Halloysite nanotube
(HNT) of different concentrations ranging from 3 to
20% (wt% of PLA) was used as a nanoreinforcement
to improve the mechanical and thermal properties of
PLA. For the preparation of neat PLA films, pellets
were first dissolved in dichloromethane (DCM) at
room temperature using magnetic stirrer for 12 h,
and the solution was then cast on a glass petri dish
for drying in ambient atmosphere. Plasticizers and/
or nanoreinforcement was mixed in the solution of
PLA and DCM for the preparation of PLA films with
PEG and/or HNT. The obtained solutions were then
cast on a glass petri dish and dried in the ambient
atmosphere in a fume hood followed by further
drying in a vacuum oven for 40 h at 40 °C.
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Characterization methods
Tensile testing

Tensile testing of all the samples was carried out as
per ASTM D882 using a universal tensile testing
machine (Instron 3365). Rectangular-shaped speci-
mens of each sample having a width of 10 mm were
tested at a crosshead speed of 10 mm/min with a
gauge length of 50 mm. The mean value of the five-
test specimen for each sample was recorded as a
result.

Morphology characterization

Scanning electron microscopy (SEM) was carried out
on the tensile fractured samples using an LEO 982
(Zeiss) SEM operating at 5 kV. The samples were
coated with gold before the analysis.

Dynamic mechanical analysis (DMA)

DMA of neat PLA, PLA/PEG, PLA/HNT, and PLA/
PEG/HNT was performed to study the variation in
storage modulus and loss factor with respect to
temperature. The analysis was carried out on DMA
Q800 using rectangularly shaped specimen in tensile
mode at a constant strain of 0.05% and a constant
frequency of 1 Hz. Storage and loss modulus were
recorded as a function of temperature from 27 to
135 °C at a heating rate of 2 °C/min.

Differential scanning calorimetry

Thermal properties of the neat PLA and PLA/PEG,
PLA/HNT, and PLA/PEG/HNT were studied using
differential scanning calorimetry (DSC Q 2000, TA)
under nitrogen flow. The samples weighing 2.5 mg
were heated gradually in aluminum crucibles at a
heating rate of 10 °C/min from 30 to 200 °C and kept
at 200 °C for 5 min to remove the effect of the sam-
ple’s previous history. The samples were then cooled
to 0 °C at a cooling rate of 5 °C/min and heated again
to 200 °C at 10 °C/min. In this study, glass transition
temperature (T,), melting temperature (T,,), and
degree of crystallinity (y.) were determined from the
second heating scans. The degree of crystallinity was
calculated using Eq. 1, where W is the weight frac-
tion of the filler, 4H,, is the enthalpy of melting, and
for 100% crystalline PLA, its value is 93 J [10].
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AH,,

Thermogravimetric analysis

Thermogravimetric analyses (TGAs) were performed
on PerkinElmer 4000 in nitrogen atmosphere. Sam-
ples weighing around 7-8 mg were heated in a cru-
cible from room temperature to 600 °C at a heating
rate of 10 °C/min, and weight loss of the samples
against temperature was plotted.

X-ray diffraction

X-ray diffractograms of film samples were recorded
at room temperature using a Rigaku, Ultima IV in
reflection mode. The Cu o source was used to carry
out the X-ray scans, and 20 scan data were collected
at 0.02°/interval over the 20 range from 5° to 40°. The
scan speed used in performing X-ray diffraction was
3° (20)/min. Percentage crystallinity (%) of differ-
ent film samples was calculated using Eq. 2:

Area under the peak
Total area

Yoxe = x 100. (2)
Results and discussion
Visual appearance of the films

Figure 1 illustrates the visual appearance of the neat
PLA, PLA/PEG, PLA/HNT, and PLA/PEG/HNT
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films. Neat PLA film is more transparent than the
PLA films with PEG and/or HNT additives. Addi-
tion of PEG and HNT in PLA makes the films less
transparent, and opaqueness of these films further
increases with increase in additives concentration.
Composite films of PLA/PEG/HNT are the least
translucent of all. This decrease in transparency is
attributed to the formation of more crystals in plas-
ticized PLA and PLA/HNT nanocomposites com-
pared to neat PLA.

Similar findings were reported by Herrera et al.
[22] for PLA plasticized with GTA (glycerol triac-
etate) and PLA with GTA and CNFs (cellulose
nanofibers). It was reported that the PLA-GTA and
PLA-GTA-CNF are more crystalline than the neat
PLA, thus decreasing the light transmittance and
therefore the transparency.

Tensile properties of the films

The tensile properties of the PLA, PLA/PEG, PLA/
HNT, and PLA/PEG/HNT films are shown in
Table 1, and their corresponding stress—strain curves
are shown in Fig. 2. The ultimate tensile strength
(UTS), Young’s modulus, and % elongation at break
of neat PLA films were found to be 47 MPa, 2.4 GPa,
and 4.7%, respectively. It can be inferred from Fig. 2a
and Table 1 that addition of PEG in PLA decreases
the UTS and tensile modulus, while it increases the
elongation at break. These changes in tensile prop-
erties of PLA can be attributed to the plasticization
effect of PEG [5]. After the addition of 20 wt% PEG to
PLA (i.e., PLA/PEG20), the elongation at break was

Figure 1 Visual appearance
of prepared films.

I‘I PLA/HNT
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PLA/PEG3

PLA/HNT20 PLA/PEG5/HNT10
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Table 1 Tensile properties of the prepared samples
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Samples Ultimate tensile strength (MPa) Tensile modulus (GPa) Elongation at break (%)
Neat PLA 47.0 (£ 2.6) 2.4 (£ 0.10) 5(+ 0.4)
PLA/PEG3 31.8 (£ 1.1) 1.7 (£ 0.03) 70 (£ 6)
PLA/PEGS 31.9 (£ 1.5) 1.9 (£ 0.07) 69 (£ 8)
PLA/PEGI10 21.2 (£ 0.9) 1.2 (£ 0.05) 76 (£ 13)
PLA/PEG20 20.2 (£ 0.7) 1.2 (£ 0.02) 159 (£ 22)
PLA/HNT3 46.5 (£ 0.9) 2.4 (£ 0.10) 40
PLA/HNTS 27.8 (£ 1.1) 1.5 (£ 0.07) 8(£ 1)
PLA/HNT10 40.0 (£ 1.4) 2.1 (£ 0.10) 5(£0.3)
PLA/HNT20 32.9 (£ 3.0) 2.2 (£ 0.10) 41
PLA/PEG5/HNT3 38.8 (£ 1.2) 2.0 (£ 0.30) 37 (£ 4)
PLA/PEG5/HNT5 30.7 (£ 2.3) 2.1 (£ 0.10) 40 (£ 5)
PLA/PEGS5/HNTI10 18.6 (+ 0.6) 1.0 (£ 0.03) 34 (£ 2)
PLA/PEG10/HNT10 223 (£ 1.3) 1.3 (£ 0.10) 31 (x4
PLA/PEG10/HNT20 234 (£ 1.2) 1.6 (£ 0.20) 33 (£ 6)
PLA/PEG20/HNT10 11.2 (£ 0.7) 1.0 (£ 0.08) 60 (+ 15)
Standard deviation in parentheses
(a) 50 (b) 50
PLA P /PLA/HNT3 PLA
40 PLAPEGS | P
E S A = PLAJHNT10
s 3 _— PLA/PEG10 PLA/PEG20 %
s 20l o PLAHNT20
& s £ Ve
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©
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Figure 2 Stress—strain curve of a PLA and PLA/PEG film, b PLA and PLA/HNT film, and ¢ PLA and PLA/PEG/HNT film.
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found to be 158%, which is approximately 30 times
higher than that of neat PLA (Table 1). However,
negligible difference in the tensile properties was
observed between the PLA/PEG3 and PLA/PEGS5,
although the presence of 3 and 5 wt% PEG in PLA
improved the toughness of PLA. Jacobsen et al. [8]
reported in their study that the addition of 2.5 and
5 wt% PEG-1500 in PLA does not show a significant
change in the tensile properties, and the main effect
can be seen above 5 wt% concentration of PEG-1500.

Further, it can be seen from Fig. 2b and Table 1 that
the addition of HNT does not significantly improve
the tensile properties of PLA. Although PLA with
3 wt% of HNT showed no significant variation in
tensile properties, when the concentration of HNT
increased to 5 wt%, the tensile strength and modulus
decreased, while the elongation at break improved
(Table 1). Although the addition of reinforcements in
polymer decreases the elongation at break [23], the
increase in elongation in PLA/HNT5 might be due to
the slippery effect of the nanotubes on the PLA
matrix and/or crazing effect for this composition
[22]. It has been reported that the addition of nan-
oclay increased the toughness of PLA by acting as a
bridge between the cracks at ~ 5 wt%, but as the
concentration increased to 10 wt%, the toughening
effect disappeared due to the agglomeration [20].
Interestingly, when the amount of HNT incorporated
was above 5 wt%, although tensile strength and
tensile modulus decreased, no significant change in
elongation at break was detected [24].

Figure 2c represents the stress—strain curve of the
PLA/PEG/HNT composite films, and the corre-
sponding values of tensile properties are reported in
Table 1. It can be inferred from Table 1 that the
incorporation of 3 wt% HNT into PLA/PEG5
improves the tensile strength, while the elongation at
break was decreased, indicating good interfacial
adhesion and dispersion of HNT in PLA/PEG. Fur-
ther, the addition of 5, 10, and 20 wt% HNT in PLA/
PEG5 (i.e., PLA/PEG5/HNTS5, PLA/PEG5/HNTI10,
and PLA/PEG5/HNT20) decreased elongation at
break, tensile strength, and tensile modulus except
for PLA/PEG5/HNTS5, which had tensile properties
similar to those of PLA/PEG5. The lower tensile
strength of PLA/PEG/HNT nanocomposites at
higher HNT wt% is due to the agglomeration of
nanoreinforcement in the composites, resulting in
poor stress transfer. As shown in Table 1, when PEG
concentration was increased to 10 wt% in the
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nanocomposites having 10 and 20 wt% HNT (G.e.,
PLA/PEG10/HNT10 and PLA/PEG10/HNT20),
slight improvement in the tensile strength and tensile
modulus was observed, while the elongation at break
decreased as compared to PLA/PEGI10. This indi-
cates that good dispersion of HNT was achieved at
10 wt% concentration of PEG which resulted in
higher tensile properties due to good stress transfer.
But, further increase in PEG concentration to 20 wt%
(i.e., PLA/PEG20/HNT10) decreased the overall
mechanical properties of the nanocomposite. How-
ever, the elongation at break of PLA/PEG20/HNT10
is higher than that of PLA/HNT10 by 1200% due to
the plasticizing effect of PEG. Similar trends were
also reported by the Pillin et al. [25] and Ozdemir
et al. [26], and according to them, poor dispersion of
PEG in the PLA at higher concentrations may be
responsible for poor mechanical properties of PEG-
plasticized composites.

Morphology of the films

Figure 3a—d shows the SEM images of tensile frac-
tured surface of neat PLA and PLA/PEG samples. It
can be seen in Fig. 3a that the surface of neat PLA is
smooth indicating its brittle nature [22]. However, the
addition of PEG in PLA results in large plastic
deformation (Fig. 3b—d), which increases the surface
roughness. Voids formation due to the plasticization
of PLA can be seen in the tensile fractured surface of
PLA/PEG20 in Fig. 3d. Similar morphology was
reported in the literature when PLA had been plas-
ticized with PPG, Boltorn®, and natural rubber
[6, 27, 28].

Figure 4a—c shows the SEM images of tensile frac-
tured surfaces PLA/HNT films. The tensile fractured
PLA/HNT films have a rough surface, which might
be due to the presence of HNT in the PLA. However,
this roughness is lower than that of PLA/PEG
(Fig. 3b-d), indicating brittle behavior of PLA/HNT.
With increase in HNT concentration, the surface
became more irregular caused by the agglomeration
of HNT and the same is visible in Fig. 4b, c.

Further, Fig. 5a—c shows SEM images of PLA/
PEG/HNT composite films, and it can be observed
that the surface of the films is more rough and has
more voids. This irregular and uneven surface indi-
cates the presence of PEG in the PLA, and the
agglomeration of HNT can also be seen at high HNT
concentrations.
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Figure 3 SEM images of the
tensile fractured surface of

a Neat PLA, b PLA/PEG3,

¢ PLA/PEGI10, and d PLA/
PEG20 films.

Figure 4 SEM images of the
tensile fractured surface of

a PLA/HNTS5, b PLA/HNTI0,
and ¢ PLA/HNT20 films.

It can be noticed from Table 1 that there is no sig-
nificant difference between the elongation at break
for PLA/PEG5 and PLA/PEG10. However, the ten-
sile strength and tensile modulus of PLA/PEG5 are
significantly higher than that of PLA/PEG10. Owing
to the relatively similar tensile properties of PLA/
HNT3 and PLA/HNTI10, only PLA/HNTIO was

considered for the thermo-mechanical and thermal
characterizations. Following similar approach PLA/
PEG5 and PLA/PEG5/HNTI10 were selected for
thermo-mechanical and thermal characterization to
analyze the effect of additives on PLA in this study.
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Figure 5 SEM images of the
tensile fractured surface of

a PLA/PEG5/HNT10, b PLA/
PEGI10/HNTI10, and ¢ PLA/
PEG10/HNT20.

Dynamic mechanical analysis (DMA)

Figure 6 shows the variation in storage modulus and
Tan delta () for neat PLA, PLA/PEG5, PLA/HNT10,
and PLA/PEG5/HNT10 films as a function of tem-
perature. It can be observed that the addition of PEG
in the PLA (i.e., PLA/PEG5) changes the storage
modulus in both glassy and rubbery regions, and this
is attributed to the plasticization effect of PEG on
PLA [29]. Compared to neat PLA, the storage mod-
ulus of PLA/PEGS is lower in the glassy region,
while the value of the same increases in the rubbery
region. The storage modulus at 70 °C for neat PLA
and PLA/PEG5 was recorded as 11 and 242 MPa,
respectively. A similar trend has been reported in

[Dashed Line = Storage Modulus, Solid Line = Tans ]

10000 -0.6
= 10004 TTTIIONNL
6_‘ o3 -0.5
\ e~ T e
E 100 - \\ B Ty
g .~ -0.4
S 104 . SR
o R i L 0.3 e
(*] ~®
s 1 PLA -
Py PLA/PEG5
o PLA/HNT10 -0.2
® 0.1 PLA/PEG5/HNT10
(]
»  0.01 0.1
0.001

30 40 50 60 70 80 90 100 110 120 130
Temperature (°C)

Figure 6 DMA of neat PLA and composite films.
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PLA/glycerol triacetate (GTA) blends [30]. The
addition of HNT (i.e., PLA/HNT10 and PLA /PEG5/
HNT10) did not affect the storage modulus at room
temperature. However, storage modulus decreased
with increase in temperature and a steep fall was
observed around 60-70 °C. This drop in the storage
modulus is more prominent for the neat PLA, and
this could be attributed to the typical effect of cold
crystallization. A mild drop in storage modulus in
other composite films indicates a high degree of
crystallinity than the neat PLA [31]. Interestingly, it is
seen that the storage modulus of PLA/HNT10 and
PLA/PEG5/HNTI10 has a higher value than the neat
PLA in the rubbery region. The storage modulus of
PLA, PLA/HNTI10, and PLA/PEG5/HNT10 at 70 °C
was recorded as 11 MPa, 273 MPa, and 473 MPa,
respectively. Of all the samples tested, PLA/PEG5/
HNT10 was found to have the highest storage mod-
ulus at 70 °C (rubbery region), and this may be
attributed to the synergistic effect of PEG and HNT
acting as a plasticizer and reinforcement, respec-
tively, and increased the degree of crystallinity [32].

Furthermore, it can also be observed from Fig. 6
that the Tand peak shifted slightly to higher tem-
perature for the PLA/HNT10 and PLA/PEG5/
HNT10 compared to neat PLA and the amplitude of
Tano decreased. The Tand peak for the PLA, PLA/
PEG5, PLA/HNT10, and PLA/PEG5/HNTI10 was
recorded at 63.7, 59.3, 65.5, and 66.6 °C, respectively.
This shift in the Tané peak toward higher
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temperature for PLA/HNT10 and PLA/PEG5/
HNT10 is attributed to the restricted molecular
movement, and the decreased intensity indicates the
crystal formation and participation of fewer polymer
chains in the transition [33]. It has been reported that
the decreased amplitude of Tand peak could also be
attributed to the well-dispersed and distributed
nanoreinforcement [30]. Overall, the results indicate
that the improvement in the thermo-mechanical
properties of the PLA/PEG/HNT is due to the syn-
ergistic effect of PEG and HNT.

Differential scanning calorimetry (DSC)

Thermal characterization of PLA, PLA/PEG5, PLA/
HNT10, and PLA/PEG5/HNT10 was carried out to
analyze the effects PEG and HNT on PLA. DSC
thermograms obtained after first and second heating
scans of the samples are shown in Fig. 7. Glass
transition temperature (Ty), cold crystallization tem-
perature (T..), melting temperature (Ty,,), and degree
of crystallinity (X, of the samples obtained after
second heating scan are reported in Table 2. The Ty
and T,, of neat PLA films were recorded around 56
and 147 °C, respectively, during the first heating scan
and 61 and 149 °C, respectively, during the second
heating scan. It can be seen from Fig. 7b that there is
no significant change in the T, in the case of PLA/
HNT10, while the same decreases for PLA /PEG5 and
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PLA/PEG5/HNTI10 samples when compared with
neat PLA. This shift of T, to lower temperature can be
principally attributed to the increased molecular
mobility of chains caused by the plasticization effect
of PEG [34, 35].

The double melting peaks can be observed in the
second heating scan of PLA/PEG5/HNT10 (Fig. 7b).
It was reported that the double melting peak during
the second heating scan might be caused by the
variation in crystal sizes, after the first heating scan.
The imperfect crystals rearrange themselves to form
perfect crystal, thus melting slowly at higher tem-
perature forming the shoulder peak [29].

Similar twin peaks were also observed by Silvera-
jah et al. who plasticized PLA with epoxidized palm
oil, suggesting that plasticizers affect the crystalliza-
tion behavior of PLA, resulting in the formation of
soft segments and hard segments. These hard and
soft segments melt at different temperatures, result-
ing in twin melting peaks [33].

Table 2 summarizes the effect of plasticizer and
nanofiller addition on glass transition temperature,
melting temperature, and crystallinity of the PLA.
From Fig. 7, it can be seen that in the first heating
scan, the T, is almost absent in all the films, whereas
in the second heating scan in the case of PLA/PEG
and PLA/PEG/HNT composite films, the T, is quite
prominent, suggesting that the addition of PEG
enhances the crystallization capacity of PLA [36].

PLA/PEGS/HNT10 (b)[Second Scan PLA/PEG5/HNT10

144.79°C

——PLA/HNT10 —— PLAHNT10

147.27°C

145.79°C

Figure 7 DSC thermograms (a) First Scan

of PLA and PLA composite

films.
cJ
s
3
°
i
k>
o
T

49.09°C
147.88°C

—PLAPEGS —— PLA/PEG5

Heat Flow (W/g)

51.10°C

145.79°C

—PLA —PLA

147.41°C

40 60 80 100 120 140 160 180 200
Temperature (°C)

40 60 80 100 120 140 160 180 200
Temperature (°C)
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Table 2 Characteristic

temperature of PLA and its Material DSC TGA

composite f¥0m TGA and T, (°C) T, (°C) %X, Tso (°C) Toax (°C)

second heating scan of DSC
PLA 61.10 149.10 3.45 337 346
PLA/PEG5 51.13 145.79 24.33 337 346
PLA/HNTI10 61.47 148.24 9.57 352 355
PLA/PEGS5/HNT10 52.07 144.10 23.37 366 370

In the case of PLA/HNT composite film, the T
can be observed, but it is not as prominent as that of
PLA/PEG and PLA/PEG/HNT films. The addition
of PEG and HNT in the PLA improves the degree of
crystallinity when compared with neat PLA. Therias
et al. [37] reported that the addition of HNT showed
improvement in the crystallization of PLA only at
higher concentrations (12 wt%).

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed to
study the effect of PEG and HNT on the thermal
degradation behavior of PLA in the inert atmosphere.
Figure 8a, b shows the TGA (wt% loss vs. tempera-
ture) and derivative thermogravimetric (DTG) (wt%/
°C vs. temperature) curves of the PLA, PLA/PEGS,
PLA/HNTI10, and PLA/PEG5/HNT10, respectively,
and Table 2 reports the data for Tsoq, (50% mass loss
temperature) and Ty, of all the samples. It can be
seen from Fig. 8 that the single step degradation
occurred for all the samples, with more than 80%
mass loss occurring in between 340 and 370 °C.
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Neat PLA and PLA/PEG films showed 10% mass
degradation at 305 °C, while PLA/HNT and PLA/
PEG/HNT had same degradation at higher temper-
ature, i.e., at 325 °C and 343 °C, respectively, and this
might be due to the high thermal stability of HNT
[38, 39]. As shown in Fig. 8a and reported in Table 2,
the presence of HNT in the PLA also increases the
onset degradation temperature, thus increasing the
Ts09, temperature for the PLA/HNTI10 and PLA/
PEG5/HNT10. Also, the residual mass of the sample
containing HNT is higher than the neat PLA. HNTs
are inorganic materials, and its incorporation in PLA
structure is expected to enhance the thermal stability
by affecting the chain interactions of the PLA mole-
cules [38, 40]. Therefore, the thermal degradation
results indicate that PEG alone did not have any
effect on the thermal stability of PLA, but the addi-
tion of HNT in the PLA/PEG films improves overall
the thermal stability, and this might be due to the
synergistic effect of HNT and PEG on the PLA.

Furthermore, Fig. 8b shows the DTG curve and the
peak represents the temperature of the maximum
degradation rate (Tmax). For neat PLA film, Tpax
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Figure 8 TGA (a) and DTG (b) curves of PLA and PLA composite films.
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occurred at 346 °C, and no change in the T,y can be
observed for the PLA /PEG5. However, the addition
of HNT shifted the Tpax to a higher temperature. The
Tmax for PLA/PEG5/HNTI10 occurred at 370 °C,
which is approximately 20 °C higher than the neat
PLA, PLA/PEG5, and PLA/HNTI10. Overall, the
study indicates that the thermal stability of PLA
increases due to the synergistic effect of PEG and
HNT.

X-ray diffraction

X-ray diffraction study was conducted to study the
effect of HNT and PEG-600 on the crystalline struc-
ture of the PLA. XRD scans of PLA, HNT, PLA/
PEG5, PLA/HNT10, and PLA/PEG5/HNTI10 are
shown in Fig. 9. For as-received HNT powder, three
major peaks appeared in XRD spectrograms at
20 = 11.85°, 20.11°, and 24.96°, corresponding to
reflection planes (001), (020), and (110,002) with d-
spacing 0.746, 0.441, and 0.356, respectively [16, 19].
In the case of neat PLA, a broad scattering pattern can
be seen, suggesting the amorphous phase centered at
20 = 16.52° corresponding to the plane (110/200)
[36, 41]. As PLA films are prepared by solvent casting
route, the evaporation of the solvent is so quick that
there may be no time for polymer crystallization
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@
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e
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Figure 9 X-ray diffractograms of PLA and PLA composite films.
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resulting in amorphous PLA. However, after the
addition of HNT and PEG, the intensity of the PLA
peak becomes stronger and sharper than the neat
PLA matrix indicating an increase in crystallinity.
Meanwhile, from the spectrograms, it is also evident
that after addition of PEG and HNT, the 20 peak of
PLA corresponding to the plane (110/200) shifts
toward the higher values of 20. Addition of PEG not
only increased the chain mobility of PLA but also led
to the formation of a more stable crystal structure
[36]. The intensity of PLA/HNT peak is lower as
compared to the peak intensity at PLA/PEG com-
posite, suggesting lower crystallinity. PLA/PEG
films show the highest crystallinity (32%) followed by
PLA/PEG/HNT films which are 31.5% crystalline,
whereas PLA/HNT films show the lowest crys-
tallinity at 22.39%. The order of crystallinity obtained
with XRD agrees with that obtained from DSC
thermograms.

Conclusions

The neat PLA, PLA/PEG, PLA/HNT, and PLA/
PEG/HNT composite films were prepared by solvent
casting method, and their mechanical and thermal
properties were analyzed. Tensile testing results
revealed that the PEG acts as a plasticizer and
improves the toughness of PLA by 1300% with 37%
decrease in tensile strength at 5% PEG concentration.
The addition of HNT in PLA did not affect the tensile
strength at low concentration, but as the HNT content
increased beyond 3 wt%, the tensile strength started
to fall with increased brittleness. In the case of PLA/
PEG5/HNT3 composite films, the tensile strength
improved significantly as compared to plasticized
PLA (PLA/PEGS). At higher concentrations of HNT,
tensile strength decreases due to the agglomerations.
Thermal analysis of the films showed a decrease in Ty
in PLA/PEG film indicating the increased chain
mobility due to the presence of plasticizer, while no
change in T, was observed in the case of PLA/HNT
composite films. Also, the addition of PEG and HNT
in PLA improves the degree of crystallinity which
agreed with XRD analysis. Thermal stability of the
films improved due to the addition of HNT in the
PLA and PLA/PEG. Storage modulus significantly
increases in the rubbery region for PLA/PEG and
PLA/PEG/HNT when compared with neat PLA, and
Tané peak showed a shift toward higher temperature
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with broadening of peak after introduction of HNTs
in the PLA and PLA/PEG films. This improvement in
the storage modulus and Tan $ is due to the syner-
gistic effect of PEG and HNT on the PLA.
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