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Abstract In present study, the effect of graphene (GR) on
crystallization and thermal degradation kinetic behavior of
poly(lactic acid) (PLA) was investigated. The non isother-
mal cold crystallization kinetic study for PLA-GR nano-
composites was carried out using differential scanning cal-
orimetry at different heating rates of 2.5, 5, 7.5 and
10 °C/min. The obtained kinetic data were analyzed using
crystallization kinetic models such as Avrami and Tobin
methods. The decreasing trend obtained in the Avrami as
well as Tobin exponent (n and nt, respectively) with re-
spect to neat PLA revealed the nucleating effect of
graphene. Thermal degradation behavior of both PLA and
PLA-GR nanocomposites was also analyzed by Kissinger
method. The increasing trend in the activation energy with
respect to GR loading was observed as compared to neat
PLA. This is an indication of improvement in the thermal
stability of PLA with an increase in the GR loading. Polar-
ized optical microscopy (POM) was used to observe the
growth of spherulites in the PLA and PLA-GR nanocom-
posites. With respect to addition of GR in the PLA matrix,
reduction in the nucleation induction time and an incre-
ment in the number of nucleation sites were reflected in
the POM analysis.
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Introduction

In recent years, bio plastics have been paid significant atten-
tion and considered as an effective solution to address the
environmental issues spurred by fossil fuel based plastics [1,
2]. At present, poly(lactic acid) (PLA) has become the most
commercialized bio-based polyester in the packaging sector
owing to its attractive features such as low cost, comparable
mechanical and barrier properties with respect to conventional
polymers [3]. However, PLA also exhibits low crystallinity
and slow crystallization rate, which affects the mechanical
strength and barrier effects [3]. In addition to this, PLA dis-
plays poor thermal resistance which in turn limits its process-
ing temperature when subjected to practical applications
[4-6]. PLA based nanocomposites are aimed at solving the
above mentioned limitations.

The current work is focused on understanding the influence
of graphene on the crystallization kinetics and thermal degra-
dation behaviour of PLA. Crystallization is considered as one
of the prime factors that shows profound impact on the key
characteristics such as mechanical and barrier effects of PLA.
The effect of graphene on the crystallization behaviour of
PLA under isothermal conditions has been documented in
the literature [7]. As processing of polymers are carried out
under dynamic conditions in practical cases; it becomes essen-
tially worthy understanding the crystallization behaviour of
PLA in the presence of graphene under non-isothermal con-
ditions [8, 9]. In view of this, in the current work, non-
isothermal cold crystallization behaviour of PLA and PLA-
GR nanocomposites is investigated using differential scanning
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calorimetry under dynamic heating regime (2.5, 5, 7.5 and
10 °C/min). Further, the experimental crystallization data is
analyzed by Avrami model to derive information about the
mechanism of nucleation process in PLA and PLA-GR nano-
composites. In addition to this, crystallization rate parameter
(CRP) is determined for PLA and PLA-GR nanocomposites
using the Avrami parameters (7 and K). The influence of GR
as nucleating agent and its impact on morphology as well as
growth rate of spherulites is performed by polarized optical
microscopy (POM) under isothermal crystallization tempera-
ture condition (120 °C) at different intervals (5, 10, 15 and
20 min) of cold crystallization process.

Thermal degradation plays a vital role in determining the
temperature conditions under which the PLA should be proc-
essed [10]. Therefore, it becomes primarily important to in-
vestigate the influence of the incorporated graphene on the
thermal degradation behaviour of PLA. In the present work,
thermo-gravimetric analyzer (TGA) is used as a thermal anal-
ysis tool to study the thermal degradation kinetics of PLA and
PLA-graphene (PLA-GR) nanocomposites. The PLA and
PLA-GR nanocomposites are subjected to thermal analysis
under dynamic heating regime (10, 20 and 30 °C) and the
effect of GR on the overall kinetics is obtained from the
non-isothermal thermal decomposition profile of the compos-
ite materials. The solid-state kinetic models proposed for de-
termination of kinetic triplets such as activation energy (E,),
pre-exponential factor (4), and reaction order (n), include both
the model-fitting and model-free isoconversional approaches
[L1]. It has been reported that model-fitting method requires
pre-assumption of a kinetic model (f'(«)) for calculation of
kinetic parameters and therefore, produces unreliable Arrhe-
nius parameters [11-14]. Therefore, in the current work,
model-free isoconversional Kissinger method is used for de-
termination of kinetic triplets in order to overcome the issues
addressed with the model-fitting method.

Experimental
Materials

Expandable graphite (EG, 99.9 %) was donated by Asbury
Carbons (USA). Poly(lactic acid) (grade 2003D) obtained
from Nature work® was used as the bio-polymer matrix.
Chloroform obtained from Merck (India) Ltd., was used as a
solvent for synthesizing poly(lactic acid)-graphene (PLA-GR)
nanocomposites.

Preparation of PLA-GR nanocomposites
PLA-GR composites were fabricated by solution-casting

method as follows: First, PLA (~0.95 g) was dissolved in
30 mL of chloroform with continuous stirring for 2 h in order
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to completely dissolve the PLA. Graphene exfoliated at
750 °C (0.1, 0.3, 0.5 wt % with respect to PLA) was dispersed
in chloroform (20 mL) separately by bath sonication for
30 min. Subsequently, the solution containing dispersed GR
was transferred into PLA-chloroform mixture and further sub-
jected to bath sonication for 30 min. Finally, the PLA-GR
solution was casted on Teflon petriplates and further, dried
under ambient conditions for 24 h. The dried composite films
were peeled off carefully from the petriplates. The resulting
films were finally oven dried under vacuum for 12 h at 40 °C
and stored in airtight bags at room temperature for further
characterization. The thickness of the fabricated films was
measured using film thickness meter (indi 6156, India). Twen-
ty measurements were taken on each film and the average
thickness of the films was found in the range of 60 £ 5 pm.
Hereafter, PLA GR composites prepared with 0, 0.1,0.3 and
0.5(wt%) graphene content were designated as neat PLA,
PLA-GR-0.1, PLA-GR-0.3, and PLA-GR-0.5, respectively.

Characterization

Crystallization behavior of PLA and PLA-GR nanocompos-
ites were studied using a differential scanning calorimetry
(Mettler Toledo-1 series). Samples (10 + 0.5 mg) were her-
metically sealed in aluminum pans and heated from 25 to
180 °C at various heating rates of 2.5, 5, 7.5 and 10 °C/min
in an inert atmosphere (N, flow, 50 mL/min). All the samples
were first heated from 25 to 180 °C and held at this tempera-
ture for 5 min in order to eliminate the effect of thermal and
processing history. Glass transition temperature (7), cold
crystallization temperature (7.), the enthalpy change at T,
(AH,.), melting temperature (7;,,) and the enthalpy of fusion
at T, (AH,,) for neat PLA and PLA-GR nanocomposite films
were determined from the DSC thermograph during the sec-
ond heating cycle.

Thermogravimetric analysis was performed on a Mettler
Toledo thermo gravimetric analyzer (TGA/SDTA 851® mod-
el). Samples (10.5 + 0.3 mg) were placed in 900 pl alumina
crucibles and heated from 25 to 700 °C in a 60 ml/min flow of
N, at heating rates of 10, 20, and 30 °C/min.

The nucleation and spherulite growth in PLA and PLA-GR
nanocomposites were observed using Leica DM 2500P polar-
izing optical microscope fitted with a QICAM FAST1394
camera. The Linkam LTS420 temperature control stage was
used to study the morphological changes of the film at isother-
mal crystallization temperature (120 °C). PLA and PLA-GR
nanocomposite films with the thickness of about 60 um were
first melted at 180 °C for 5 min in order to erase thermal
histories, and immediately transferred to the temperature of
120 °C for isothermal crystallization. The micrographs of
growing spherulites were taken at a specific interval of time
before the impingement of spherulites.
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Results and discussion
Differential scanning calorimetry analysis

The glass transition, crystallization and melting behaviors
of PLA and PLA-GR nanocomposites were investigated
from the second heating thermographs obtained using
DSC analysis at a heating rate of 5 °C/min (Fig. 1).
The T, value for PLA and PLA-GR nanocomposites
does not change significantly. This indicates that the re-
inforcement of GR in the PLA matrix does not lead to
degradation of PLA by stimulating the formation of
shorter chain segments [15, 16].

PLA exhibits a unimodal endothermic melting peak at a
temperature of ~149 °C suggesting the existence of PLA
in a-crystalline arrangement [17-20]. The absence of dou-
ble melting peak in PLA indicates that only stable crystals
of PLA are formed during the cold crystallization process
due to the homogeneous nucleation mechanism of PLA. It
can be observed that the melting peak of PLA-GR nano-
composites are also characterized by the presence of a
unimodal endotherm. This might be probably due to the
fact that the addition of GR in the PLA matrix leads to
formation of PLA crystals with uniform thickness [21]. In
addition to this, shift in the T;, values by ~3-4 °C is
noticed for PLA-GR nanocomposites with respect to neat
PLA (Table 1). This confirms that GR exhibits nucleation
effect, which leads to decrement in the nucleus size as
well as growth of thick, stable nucleus in PLA. The shift
in the 7, values also indicates that the thermal stability of
PLA is enhanced after incorporation of GR. Further, the
advancement in the 7, values for PLA-GR nanocompos-
ites reveals that the molecular weight of PLA is not af-
fected by reinforcement of GR and thereby suggesting GR
acts as a better nucleating agent. This is also confirmed by
the improvement in the crystallinity (%) experienced for
PLA-GR nanocomposites with the addition of GR
(Table 1).

Non-isothermal cold crystallization kinetics of PLA
and PLA-GR nanocomposites

The DSC thermographs of neat PLA and PLA-GR nano-
composites obtained at different heating regime (2.5, 5, 7.5
and 10 °C/min) are analyzed for understanding the non-
isothermal crystallization and melting behaviors (Fig. 2).
Both PLA and PLA-GR nanocomposites display similar 7,
value for a single heating rate. However, the shift in the 7,
values is observed for each sample with increasing heating
rate, which is attributed to thermal delay [22, 23]. A cold
crystallization exotherm is observed in the temperature
range of 99—120 °C for neat PLA and 100-126 °C in case
of PLA-GR nanocomposites. The steady shift in the 7. to
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Fig. 1 DSC second heating thermographs for PLA and PLA-GR
nanocomposites at a heating rate of 5 °C/min

the greater temperature values with rise in heating rate can
be observed for PLA and PLA-GR nanocomposites
(Fig. 2). This is ascribed to the lower heat transfer coeffi-
cient, which prolongs the time required for cold crystalli-
zation process at higher heating rate [24]. A peak corre-
sponding to melting endotherm is noticed for all the sam-
ples in the temperature ranging from 150 to 156 °C
(Fig. 2). Interestingly, it is observed that all the samples
exhibit a double melting endotherm for a heating rate of
2.5 °C/min. The endotherm observed at lower and higher
temperature corresponds to the melting phenomenon of
imperfect and perfect crystalline structures of PLA devel-
oped at the primary and secondary phase of cold crystalli-
zation process, respectively [25, 26]. However, the bimod-
al melting endotherm is not noticed for both PLA and
PLA-GR nanocomposites in case of higher heating rates
(>2.5 °C/min).

Relative crystallinity
In order to determine the relative degree of crystallinity (X(7)),

as a function of crystallization time, the exotherms that corre-
sponds to cold crystallization of PLA and PLA-GR

Table 1 DSC results for PLA and PLA-GR nanocomposites

Sample name T, T T Tme AH. AH, X,
O O O (O Jdg Uy (W)

PLA 62 110 148 - 16.14 272 12

PLA-GR-0.1 63 114 152 100 8.07 254 185
PLA-GR-0.3 64 113 1528 101 9.8 278 192
PLA-GR-0.5 64 110 1526 101  6.84 233 175

T, = Glass transition temperature, 7. = Cold crystallization temperature,
T = Melting temperature, 73, Melt crystallization temperature, AH-
< = Enthalpy of cold crystallization, AH,, = Enthalpy of melting,
X = crystallinity (%)
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Fig. 2 DSC thermographs at (a) (b)
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where, T and T, denotes the onset and final cold crystalliza-
tion temperature respectively [27, 28]. The crystallization time
(?) and the respective temperature (7) are related by the fol-
lowing expression

T-T
t= 0
Y

where, ¢ is the heating rate [27-29]. The values of relative
crystallinity are plotted as a function of crystallization time for
both neat PLA as well as PLA-GR nanocomposites and the
same is portrayed in Fig. 3. The Figure displays a character-
istic sigmoidal shaped relative crystallinity curves for all the
samples at different heating regime. This discloses the phe-
nomenon of impingement of spherulites that occurred at the
advanced phase of cold crystallization process [30]. In addi-
tion to this, in case of greater heating rates, the lag effects are
not experienced on the crystallization behavior of both PLA
and PLA-GR nanocomposites.

(2)
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The half-time of crystallization (¢1,,) is defined as the time
required to achieve 50 % of crystallization process. Determi-
nation of crystallization half-time is of prime importance in
understanding the kinetics of crystallization process and is
obtained using the following expression [22, 30].

In2 '/,
he =\

The ¢, values obtained for both PLA as well as PLA-GR
nanocomposites exhibit downturn with an increase in the
heating rates. This is attributed to the faster crystallization
completion periods with progress in the heating rate. Also,
t1, values obtained for PLA-GR nanocomposites are noticed
to be relatively lower in comparison with neat PLA for all the
heating rates. The possible reason for this might be due to the
fact that the addition of GR in the PLA matrix accelerates the
cold crystallization rate on the whole. The greater ¢, values
obtained at the lower heating rate for both PLA and nanocom-
posite films result from the secondary crystallization phenom-
enon. In order to study the influence of GR towards the crys-
tallization process, 1/¢1,, vs ¢ is plotted for PLA and PLA-GR
nanocomposites as shown in Fig. 4. One can see that 1/¢,
value increases significantly for PLA-GR-0.1 as compared to
neat PLA. This increment corresponds to the prominent effect
of nucleation ability of GR that stimulates the crystallization

(3)
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Fig. 3 Relative crystallinity (a) (b)
versus crystallization time at 1.0 1.0+
different heating rates for (a) neat
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process of PLA. A much profound impact on the 1/¢, values
is not evidenced thereafter with further GR loadings in the
PLA matrix. However, the increasing trend obtained in the
1/t, 5 values is ascribed to the nucleation effect of GR resulting
in a faster rate of crystallization process in PLA. Further, crys-
tallization rate parameter (CRP) is calculated from the slope of
the linear plots shown in Fig. 4, in order to derive quantitative
information about the influence of GR on the crystallization
rate of PLA. The CRP value for PLA, PLA-GR-0.1, PLA-GR-
0.3 and PLA-GR-0.5 is determined to be 0.0272, 0.0372,
0.0404 and 0.0413, respectively. The increasing trend obtain-
ed in the CRP values of PLA-GR nanocomposites as com-
pared to neat PLA confirms that reinforcement of GR indeed
fastens the cold crystallization process in PLA.
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Fig. 4 Effect of GR loading on the crystallization rate parameter (CRP)

Avrami model

The kinetic parameters corresponding to the non-isothermal
crystallization process of PLA and PLA-GR nanocomposites
are determined using the “Avrami model” and is expressed as
follows:

X(t) = l—exp(—kt") (4)

The eq. (4) is expressed in the linear form as
log[~In(1-X(¢))] = logk + nlog¢ (5)

where, X(7) refers to the relative crystallinity at any time “¢”, n
corresponds to the Avrami exponent, & is the overall kinetic
constant [31-33]. The Avrami exponent () and the crystalli-
zation rate constant (k) are determined using the slope and
intercept values obtained from the linear plot of log [~ In (1
- X())] vs log t. The relative crystallinity curves corresponding
toneat PLA, PLA-GR-0.1, PLA-GR-0.3 and PLA-GR-0.5 are
presented in Fig. 3(a-d) and the respective Avrami plots for the
same is depicted in Fig. 5(a-d). The linear behaviour exhibited
by these plots specifies that the Avrami model adequately
elucidates the cold crystallization process of PLA under non-
isothermal conditions.

The ‘n’ values corresponding to Avrami exponent for both
PLA and PLA-GR nanocomposites are presented in Table 2. It
is apparent that the ‘n’ values show a decreasing trend with

@ Springer
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Fig. 5 Avrami plots for non- (a)
isothermal cold crystallization of 1
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respect to GR loadings in comparison to neat PLA irrespective
of the heating rate. The greater ‘n’ values observed in case of
neat PLA is ascribed to the homogeneous nucleation which is
responsible for 3-dimensional (3D) growth of PLA crystals
[34]. In contrast, the relatively lower ‘n’ values noticed for
PLA-GR nanocomposites suggest that heterogeneous nucle-
ation accelerate the crystallization rate.

Tobin model

The growth site impingement and the secondary crystalliza-
tion that usually occur during the crystallization process of
PLA and PLA-GR nanocomposites cannot be described by
Avrami model. This is due to the fact that the Avrami model
accounts only for the investigation of initial stage of crystalli-
zation progression. Therefore, in order to have an insight into
the phase transformation kinetics with growth site impinge-
ment, a model proposed by Tobin is utilized for studying the
non-isothermal crystallization kinetics of PLA and PLA-GR
nanocomposites. The Tobin equation is given by the following
expression:

Kt

X, =—1
Tl Ky

(6)

@ Springer

where, X; refers to the relative crystallinity at time ‘£, whereas,
K7 and nyare the Tobin parameters related to crystallization
rate constant and exponent, respectively [35]. The type of
nucleation and growth mechanism associated with the non-
isothermal crystallization process of PLA and PLA-GR nano-
composites are derived from the values of Tobin exponent
(n7). The eq. (6) is rearranged as follows:

X
log (1_—;() = logKr + nrlogt (7)

The plot of log ( 1{)’(,) versus logt for PLA and PLA-GR

nanocomposites for dynamic heating regime is presented in
Fig. 6(a-d). The parameters associated with the crystallization
rate (K7) and Tobin exponent (n7) are calculated from the
slope and intercept values obtained from the linear fit, respec-
tively and is reported in Table 3.

The Tobin exponent (n7) values for neat PLA are obtained
in the range of ~4—6 (Table 3) and the same exhibits a decreas-
ing trend with increasing heating rate. This is in accordance
with the values reported in the literature [35]. The crystalliza-
tion rate parameter ‘K7’ values corresponding to the Tobin
model demonstrate increasing tendency with respect to
heating rate, suggesting the acceleration in the non-
isothermal crystallization process of PLA. For PLA-GR
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Table 2 Avrami model parameters for PLA and PLA-GR nanocomposites

Sample name n Log(k)

2.5 °C/min 5 °C/min 7.5 °C/min 10 °C/min 2.5 °C/min 5 °C/min 7.5 °C/min 10 °C/min
PLA 4.8 42 39 4.0 —4.9 -33 -2.6 23
PLA-GR-0.1 42 39 3.7 3.6 -3.3 2.5 -1.9 -1.3
PLA-GR-0.3 4.0 34 32 32 -2.76 —-1.85 -1.5 -1.15
PLA-GR-0.5 39 33 32 2.9 -2.3 -1.5 -12 -1.01

nanocomposites, the ‘ny’values are found to be in the range of
~3—4 and are comparatively smaller than PLA for all the
heating rates studied. The significant variation between the
‘ny’values for PLA and PLA-GR nanocomposites would have
been resulted due to the alteration in the crystallization process
of PLA. In addition to this, the ‘K7’ values obtained in case of
PLA-GR nanocomposites show greater deviation from that of
the crystallization rate parameter values calculated for PLA,
irrespective of the heating rate. This underlines the fact that
addition of GR in the PLA matrix leads to noteworthy en-
hancement in the non-isothermal crystallization progression
of PLA. The overall trend noticed in the ‘K7’ and ‘nz’values
for both the PLA and PLA-GR nanocomposites are in accor-
dance with the trend followed in case of Avrami parameters.
This reveals that the physical meaning of Tobin parameters
remains the same as the Avrami model.

Fig. 6 Tobin plots for non-

In crystallization kinetics ‘nzy’values shows a signifi-
cant decrement for PLA-GR nanocomposites compared
to neat PLA. In addition to this, ‘K7’ values of neat
PLA are lesser than the PLA-GR nancomposites, irre-
spective of the heating time. These two crystallization
kinetic parameters indicate that enhancement in the crys-
tallization process of PLA is due to reinforcement of GR.
Injection molding is one of the most widely used poly-
mer processing technique. Crystallization kinetics has di-
rect effect on dimensional stability, mechanical and ther-
mal performance of the final product [36]. In this pro-
cessing technique, polymers should complete the crystal-
lization process before leaving the mould cavity [37]. In
such cases, faster crystallization process can have an ad-
vantage during fabrication using article throw injection
moulding [37].
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Table 3  Tobin model parameters for PLA and PLA-GR nanocomposites

Sample name nr Log(K7)

2.5 °C/min 5 °C/min 7.5 °C/min 10 °C/min 2.5 °C/min 5 °C/min 7.5 °C/min 10 °C/min
PLA 6.0 4.6 4.1 39 -5.0 -3.0 -23 -1.9
PLA-GR-0.1 3.76 3.65 3.84 2.77 —2.73 -1.99 -1.92 -0.61
PLA-GR-0.3 436 3.57 3.56 4.00 -2.85 -2.13 -1.85 —-1.69
PLA-GR-0.5 3.67 3.35 3.17 2.94 -1.82 -1.36 —-0.89 —-0.49

Polarized optical microscopy observations

The influence of GR on the crystallization characteristics of
PLA is further explored using polarized optical microscopy
(POM) observations under isothermal conditions. Before re-
cording the images, the neat PLA and PLA-GR nanocompos-
ite samples are subjected to heating up to the melting temper-
ature (180 °C) and held under the same environment for a
period of 5 min to erase the thermal history. Thereafter, the
POM images are taken for PLA and PLA-GR nanocomposites
at an isothermal crystallization temperature of 120 °C in var-
ious intervals of time (0, 5th, 10th, 15th and 20th min), while
cooling from the melt and the respective images are shown in
Fig. 7. With addition of GR in the PLA matrix, advancement
in the overall crystallization process of PLA is evidenced,
which in turn, is confirmed by the reduction in the induction
period of nucleation process [38]. Moreover, the dramatic in-
crease in the number of primary nucleation spots with respect
to GR loadings is also visualized. Hence, it can be concluded
that GR acts as an effective nucleating agent and thereby,
fastens the rate of crystallization.

Thermo gravimetric analysis

The temperature-dependent weight loss and derivative of the
weight loss profiles for neat PLA and PLA-GR nanocompos-
ites obtained by TGA analysis at a heating rate of 20 °C/min
are presented in Fig. 8(a). It can be observed from the Fig. 8(a,
b) that both PLA and PLA-GR nanocomposites exhibit two
region of weight loss. The initial region of weight loss up to a
temperature of around 100 °C is attributed to the pre-adsorbed
moisture. The next phase of weight loss that starts above the
temperature range of ~300 °C primarily corresponds to intra-
molecular trans-esterification reaction of PLA [39, 40]. If
10 % weight loss is considered as a reference point for assess-
ment, the corresponding 7y Values for neat PLA, PLA-GR-
0.1, PLA-GR-0.3 and PLA-GR-0.5 is inferred to be 268, 278,
283 and 299 °C, respectively. The increment in the 7T,
values of about ~10-31 °C indicates that the thermal stability
of PLA is enhanced with respect to GR loadings in the PLA
matrix.

@ Springer

Another prime property which should be considered for
assessment of thermal stability for a nanocomposite system
is the temperature at which maximum rate of weight loss
(Tmax) occurs. The Ty, value for PLA and PLA-GR nano-
composites is obtained from the first derivative curve of TGA
thermograph as shown in Fig. 8(b). In case of both PLA and
PLA-GR nanocomposites, a single T}, peak is noticed. This
reveals that the main degradation of these samples progressed
in a single step. Increment in the 7., value of ~2 °C is ob-
served for PLA-GR nanocomposites with respect to neat PLA.
The GR incorporated in the PLA matrix provides barrier effect
for the diffusion of volatile degradation by-products by
prolonging the “tortuous pathway” [41, 42]. The advancement
in the thermal degradation temperature would also have been
resulted from the shielding effect provided by the flake like
structure of GR [43].

Thermal degradation kinetics of PLA and PLA-GR
nanocomposites

The non-isothermal TGA and DTG curves of PLA and PLA-
GR composites at three different heating rates of 10, 20 and
30 °C/min in the nitrogen atmosphere are shown in Figs. 9 and
10, respectively. The TGA curves shown in Fig. 9 reveal that
the thermal stability of PLA composites increases with in-
creasing GR content irrespective of the heating rate. The
DTG plots reveal the different profiles depending on heating
rate and wt% loadings of GR. It can be seen from Fig. 10, that
for all the samples, temperatures corresponding to a maximum
stage of degradation (7},,x) increase progressively with in-
creasing the heating rate. The shift of the DTG curves to
higher temperatures with an increase in the heating rate could
be attributed to the short time provided for a sample to reach a
given temperature at a high heating rate [44].

In order to better understand the thermal degradation be-
haviour of PLA after reinforcement of GR, kinetic studies of
degradation process are performed. The thermal degradation
kinetics of PLA and PLA-GR nanocomposites can be given
by the following expression:

do

k() (®)
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Fig. 7 Optical microscopy
images of PLA and PLA-GR
nanocomposites with respect to
time at 120 °C

PLA-GR-0.1

PLA-GR-0.3

PLA-GR-0.5

where, o corresponds to the degree of conversion or the frac-
tion which is degraded [ = (Wo-w))/(wg-wp), Wy, w;, and wy
refers to the initial weight, weight remaining at time ¢, and
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Fig. 8 (a) TGA and (b) DTG curves of neat PLA and PLA-GR
composites

20 min
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final weight of the sample, respectively], da/dt corresponds
to the conversion rate, & refers to the temperature-degradation
rate constant, and f{«v) refers to the kinetic model expressed by
differential function, which relies on the specific mechanism
for degradation [11, 44].

The rate constant (k) that corresponds to temperature de-
pendent degradation can be related to Arrhenius equation by
the following expression:

k= dexp <;ET> (9)

where, 4 refers to the pre-exponential factor (s '), E, cor-
responds to the activation energy for the degradation pro-
cess (kJ/mol), R refers to the universal gas constant
(8.314 T mol ' K™"), and T corresponds to the absolute
temperature (K). In order to derive an expression that
helps in understanding the kinetics of degradation pro-
cess, Eq. (9) is substituted in Eq. (8) and the following
expression is obtained.

da -E,
o —tewp( 2 ) 1)

(10)

Eq. (10) is useful in predicting the thermal degradation
kinetics under isothermal process circumstances, where the
samples are subjected to heating at a single heating rate
(8 = dT/dy). In the present study, thermal degradation kinetic
study of PLA-GR composites is carried out under non-
isothermal conditions, where the samples are heated with a
constant heating rate (3). Hence, Eq. (10) is altered into an

@ Springer
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Fig. 9 TGA curves at different
heating rates (10, 20, 30 °C) for
(a) PLA, (b) PLA-GR-0. 1, (¢)
PLA-GR-0.3 and (d) PLA-GR-
0.5 nanocomposites

Fig. 10 DTG curves at different
heating rates (10, 20, 30 °C) for
(a) PLA, (b) PLA-GR-0. 1, (¢)
PLA-GR-0.3 and (d) PLA-GR-
0.5 nanocomposites
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expression, which defines the rate of degradation with respect
to temperature and is given by:

(j?) _ %exp (;’?) (@) (11)

The kinetic triplets for degradation process of polymer
nanocomposites based on TGA data can be calculated by
using the expressions (Egs. (10) and (11)) under isothermal
and non-isothermal conditions, respectively. For determina-
tion of kinetic triplets, the order of reaction for degradation
process is assumed to be n™ order and f(x), as (1- )" [44, 45].

Kissinger method

In the present work, Kissinger method, one of the popular
model free approaches is used to acquire knowledge about
kinetics of thermal degradation process. The Kissinger meth-
od encompasses the advantage of obtaining activation energy
at a fixed conversion rate, devoid of any precise awareness
regarding the mechanism of thermal degradation reaction
from the following expression:

AR . Eq
ln<T2i> = {lnE—a—Fln[H(l_amax) 1} }_RTmax (12)

max

where, Tihax, Omax, and n refer to the temperature at which
maximum weight loss occurs, the degree of conversion corre-
sponding to the inflection point on the TGA thermo graphs
and the order of reaction, respectively [46, 47]. The slope that

8
TZ

max

corresponds to the linear plot when In ( ) is interpreted

against (— TIIK) is used to calculate the E, for degradation

process.
The apparent activation energy is the primary step to
understand the thermal degradation behaviour of PLA-GR
nanocomposites. TGA curves obtained at different heating
rates of 10, 20, 30 °C/min are used for analyzing the
activation energies of the PLA and its nanocomposites.
In Kissinger’s method, plot of In (8/T [2]max) against
1/Tmax provides straight lines as shown in Fig. 11. The
apparent activation energy is calculated from the slopes
corresponding to various straight lines (Fig. 11) and the
same is presented in Table 4. As can be seen from Fig. 11,
the smooth relativity of the various fitted straight lines
shows the feasibility of Kissinger’s method. The E, values
obtained from Kissinger method is 177, 179, 181, and 184
for PLA, PLA-GR-0.1, PLA-GR-0.3, and PLA-GR-0.5,
respectively. The regression coefficient (R [2]) values ob-
tained in the range of 0.9-0.999 further evidences the
applicability of this method for envisaging the thermal
degradation behavior of PLA and PLA-GR composites.

-9.6

-9.8 1

In(B/Tmax2)
s o
il

= PLA
-10.44 ® PLA-GR-0.1
4 PLA-GR-0.3
v PLA-GR-0.5
A
-10.6 4

0.00156 0.00158 0.00160 0.00162
1 (k)
Fig. 11 Kissinger plot for PLA and PLA-GR nanocomposites

Flynn-wall-Ozawa method

The Flynn-Wall-Ozawa method (F-W-O) is one among the
integral methods which determine the activation energy for a
thermal degradation process without prior knowledge about
reaction mechanisms. Activation energy can be obtained di-
rectly from weight loss data versus temperature obtained at
several heating rates. This method employs Doyle’s linear
approximation and is denoted by the following expression:

AE 0.457E,
log(3) = {1Ogg(a)R —2.315}—T (13)

where 3, A, E,, T, and R are the heating rate, the pre-
exponential factor, the apparent activation energy, the absolute
temperature, and the gas constant, respectively, and « is the
conversion (fractional weight loss). The E, can be calculated
based on the slope of a plot of log () versus —1/7 for timed
value of conversion (o) [48].

Figure 12(a-d) displays the plots of log (/) against —1/T
obtained using F-W-O method. The parallel straight lines can
be noticed for both PLA and PLA-GR composites at different
« values. This indicates the well suitability of F-W-O method
for investigating the thermal degradation kinetics at all levels
of conversion degree [48, 49]. The plots of activation energy
as a function of conversion (o) using the F-W-O method for
neat PLA and PLA-GR composites can be seen from Fig. 13.

Table 4  Activation energy and regression co-efficient for PLA and
PLA-GR composites obtained by Kissinger method and Flynn-Wall-
Ozawa method

S:No  Sample name  Kissinger method F-W-O method

E,(kJ/mol) R[2] E,(kJ/mol) RI[2]

1 PLA 177 0.999 170 0.995
2 PLA-GR-0.1 179 0.999 178 0.997
3 PLA-GR-0.3 181 0.986 185 0.998
4 PLA-GR-0.5 184 0.997 188 0.996
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Fig. 12 Flynn-Wall-Ozawa plots (a) 1.5 (b) 1.5
for (a) PLA, (b) PLA-GR-0.1, (¢) ’ : o ’ " ol
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Variation in the activation energy for both PLA and PLA-GR
nanocomposites with respect to conversion can be noticed all
through the thermal degradation process. This reveals that the
thermal degradation of both PLA and composites does not
proceed through the simple process [50, 51]. The activation
energy value (177 kJ/mol) obtained for neat PLA is in accor-
dance with the literature data [52]. Increment in the activation
energy after the addition of GR in the PLA matrix can be
noticed. This indicates that the reinforcement improves the
thermal stability of PLA. The E,, values obtained from Kissin-
ger and F-W-O methods are in good agreement with each

240
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g 1501 :
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601 =
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Conversion (a)

Fig. 13 Conversion versus activation energy for PLA and PLA-GR
composites
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1)

other. The slight variation arises in the £, values obtained by
both the methods, because, the F-W-O method provides acti-
vation energies for various levels of conversion, whereas, the
Kissinger method can be applied to only maximum rate of
conversion.

Conclusions

For both PLA and PLA-GR nanocomposites, the crystalliza-
tion exotherm shifts to higher temperature side with increasing
heating rate, which is indicative of faster rate of the crystalli-
zation process. The crystallization rate parameter values of
PLA-GR nanocomposites obtained by both Avrami and Tobin
models show increasing trend with respect to neat PLA dem-
onstrating the nucleation effect of GR. A similar physical sig-
nificance provided by both the models suggests the suitability
of'the same in predicting the crystallization kinetic behavior of
PLA and PLA-GR nanocomposites. The nucleating ability of
GR in the PLA matrix is revealed by reduction in the nucle-
ation induction period, which is observed by POM studies.
After addition of GR in the PLA matrix, thermal stability of
PLA is enhanced, which is evidenced by an increment in the
activation energy obtained by both the Kissinger and Flynn-
Wall-Ozawa methods.
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