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Abstract We report the effect of lignin-coated cellulose
nanocrystals (L-CNCs) on the crystallization behavior of
poly(lactic acid) (PLA). PLA/L-CNC nanocomposites were
prepared by melt mixing, and the crystallization behavior
of PLA was investigated using differential scanning
calorimetry. Isothermal crystallization data were analyzed
using Avrami and Lauritzen—-Hoffman secondary nucle-
ation theory, while the equilibrium melting temperature
was determined using the nonlinear Hoffman—Weeks
method. The lignin-coated cellulose nanocrystals acted as a
nucleating agent and significantly increased the rate of
crystallization and degree of crystallinity of PLA in PLA/
L-CNC nanocomposites. The Avrami exponent, n,
increased in the presence of L-CNCs, displaying a con-
version from lamellar morphology to two-dimensional
crystal growth. PLA/L-CNC nanocomposites also gave
lower values of the nucleation parameters, K, and o, due
to a reduction in the activation energy for nucleation.
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Introduction

Poly(lactic acid) (PLA) is considered to be a sustainable
alternative to petroleum-based plastics due to its excellent
physical properties, biodegradability, and thermal pro-
cessability [1, 2]. PLA is used in a wide variety of appli-
cations such as packaging, automotive, and biomedical.
However, it is highly brittle and prone to hydrolytic
degradation which has limited its applications [1]. The
incorporation of fillers as reinforcing agents has been
shown to improve its physical properties and hydrolytic
stability. However, the incorporation of non-biodegradable
filler is undesirable for many applications, especially in
biomedical. As amorphous regions of PLA are weaker and
more susceptible to hydrolytic degradation than the crys-
talline regions, another approach to improve its hydrolytic
stability and physical properties is to increase its degree of
crystallinity. However, PLA has been found to undergo
very slow crystallization, taking several minutes to crys-
tallize completely at elevated temperature. Thus, normal
industrial processing conditions result in low crystallinity.
The incorporation of nucleating agents can significantly
increase the rate of crystallization and can cause PLA to
achieve a higher crystallinity during industrial processing
[3-7]. Although there are several types of nucleating agents
known for PLA the development of an environmentally
friendly and a biocompatible, nucleating agent is highly
desired to expand its applications.

Recently, cellulose nanofillers have generated a great
deal of interest in the field of nanocomposites as they are
renewable and biodegradable, have a high aspect ratio, are
non-toxic, and have low density and excellent reinforce-
ment properties [8, 9]. Cellulose is the most abundant
natural biopolymer on earth. It is a homopolymer made up
of repeating B(1,4)-p-glucopyranose units. The physical
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and chemical properties of cellulose greatly depend on its
specific structure. The hydroxyl groups on cellulose con-
tribute to the chemical reactivity of the glucopyranosyl ring
and the tendency to form intra- and intermolecular hydro-
gen bonds [10]. Hydrogen bonding is responsible for the
crystalline nature of cellulose fibers resulting in its high
tensile strength and modulus [11]. Cellulose nanocrystals
(CNCs) and nanofibers (CNFs) obtained by acid hydrolysis
or TEMPO oxidation of cellulose fibers have been recog-
nized as highly crystalline high aspect ratio fillers that have
been widely proposed for incorporation of biodegradable
polymer composites [12—14]. The incorporation of CNCs
and CNFs in a PLA matrix has resulted in a moderate
improvement in its crystallization characteristics,
mechanical, and barrier properties [15-21]. However, poor
dispersion of CNCs due to their high aspect ratio, intra-
particle hydrogen bonding, and poor compatibility with
hydrophobic polymers are major limitations in realizing the
full potential of CNCs in a PLA matrix. Surface func-
tionalization of CNCs has led to improvement in disper-
sion, compatibility, and thermal and mechanical properties
of PLA [22, 23]. Surface coating can be an alternative
approach to improving the dispersion and compatibility of
CNCs with polymers without affecting their intrinsic
properties.

Recently, it has been reported that incorporation of lignin
in CNCs/polymer composites can improve dispersion and
compatibility [24, 25]. Lignin is an integral part of ligno-
cellulose and has developed over time in close proximity
with cellulose and it interacts with cellulose through elec-
trostatic and van der Waal interactions. Thus, better disper-
sion of CNCs in the presence of lignin can be attributed to
formation of a lignin layer on CNCs surfaces through elec-
trostatic and van der Waal interactions which prevents re-
aggregation of CNCs during processing and also improves
interaction with the polymer matrix [24]. Considering better
dispersion and compatibility of CNCs in the presence of
lignin, it can be expected that a lignin-coated CNCs may act
as an excellent nucleating agent and lead to higher rate of
crystallization and degree of crystallinity of PLA. Lignin has
been coated on cellulose nanocrystals produced by the
AVAP process which minimally functionalizes the surface
of the cellulose [26]. In the present study, lignin-coated
cellulose nanocrystals (L-CNCs) were used to prepare PLA/
L-CNC nanocomposites and their isothermal crystallization
behavior was studied using differential scanning calorimetry
(DSC). The crystallization kinetics data were analyzed using
Avrami and Lauritzen—Hoffman secondary nucleation the-
ory to understand the role of L-CNCs on the crystallization
behavior of PLA. To the best of our knowledge, this is the
first report on the effect of lignin-coated CNCs on the crys-
tallization behavior of PLA.
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Experimental
Materials

Commercial grade L-poly(lactic acid) (L-PLA) was pro-
cured from NatureWorks with trade name IngeoTM
biopolymer 4043D. The lignin-coated cellulose nanocrys-
tals (L-CNCs) having an average length and diameter of
~350 nm and ~5-7 nm, respectively, were produced
from eucalyptus chips and provided by American Process
Inc. (API). Before melt mixing, all the materials were dried
in a vacuum oven at 90 °C for 2 h to avoid possible
degradation due to moisture during processing.

Preparation of PLA/L-CNC nanocomposites

PLA/L-CNC nanocomposites were prepared by melt mix-
ing using a HAAKE Rheocord 90 melt mixer. PLA and
L-CNCs, 66.5 g, were mixed by shaking and added to the
melt mixer portion wise over ~1 min at an initial tem-
perature of 140 °C with a screw speed of 40 rpm. The
temperature increased to 160 °C during mixing, and the
mixing was continued for 11 min with an steady-state
torque after the loading spikes of 14.7 N.m. A master-batch
of 5 mass% L-CNCs was prepared and diluted in a second
melt mixing step with the appropriate amount of neat PLA
to prepare 0.3, 1.0, and 2.0 mass% samples of PLA/L-
CNCs. The samples obtained after dilution were designated
as PLA, PLA/L-CNCs-0.3 %, PLA/L-CNCs-1 %, and
PLA/L-CNCs-2 %, respectively.

Characterization of PLA/L-CNC nanocomposites
Differential scanning calorimetry (DSC)

A TA Instruments Q2000 differential scanning calorimeter
(DSC) was used for recording DSC scans under N,. To
ensure reliability of the data obtained, heat flow and tem-
perature were calibrated with indium and sapphire stan-
dards. For both isothermal and non-isothermal DSC
experiments, 8—10 mg of samples in a closed aluminum
pan were placed in the DSC. In the non-isothermal process,
the samples were heated from room temperature to 200 °C
and held for 5 min to remove thermal history and then
cooled to 25 °C and reheated with ramp rates of 10 °C
min~"'. For isothermal crystallization studies, all samples
were heated from room temperature to 200 °C and kept at
200 °C for 5 min. Then, the samples were quenched to the
desired isothermal crystallization temperature (95, 100,
105, 110, and 115 °C) at a rate of 10 °C min~! and held for
sufficient time to allow complete crystallization from the
quiescent melt. The exothermic curves of the heat flow as a
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function of time were recorded at different crystallization
temperature for all the samples.

Results and discussion
Crystallization and melting behavior

Crystallization and melting behavior of PLA in the pres-
ence of L-CNCs were investigated by analyzing non-
isothermal DSC scans. Figure 1 shows the DSC cooling
and second heating scans at 10 °C min~' for PLA and
PLA/L-CNC nanocomposites. The heating scans clearly
show the presence of a glass transition (7}), crystallization
exotherm defined as cold crystallization (7¢.), and melting
endotherm (7},,) peaks. However, no exothermic peak was
obtained during the cooling of PLA and the L-CNC
nanocomposites. PLA crystallizes very slowly and usually
takes long time to crystallize. The cooling cycle gives
insufficient time to generate crystallinity; thus, it crystal-
lizes during the second heating cycle resulting in a double
melting peak. This double melting behavior is a common
phenomenon in semicrystalline polymers, such as polye-
sters [27-30]. Possible causes of multiple melting behavior
include different types of crystals having different mor-
phologies (lamellar thickness and perfection), recrystal-
lization, and re-melting processes during the subsequent
heating [29, 30]. As expected, two melting peaks were
observed in the heating scan of PLA and PLA/L-CNC
nanocomposites. Incorporation of L-CNCs also reduced the
melting temperature of PLA by ~6 °C. This decrease in
melting temperature of PLA can be attributed to the for-
mation of less stable random crystals during cold crystal-
lization in the presence of L-CNCs. Furthermore,
incorporation of L-CNCs showed no effect on the T, of
PLA. However, cold crystallization of PLA was found to
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Fig. 1 DSC scans of neat PLA and PLA/L-CNC nanocomposites
under nitrogen with a scan rate of 10 °C min~"

be significantly enhanced by the presence of L-CNCs. The
crystallization temperature shifted to lower temperature
from 129.3 to 112.5 °C, and the degree of crystallinity (X.)
improved dramatically, on the addition of only 0.3 % of
L-CNCs. The X, estimated from the melting endotherms
was calculated using Eq. (1), and the results are summa-
rized in Table 1.

AH,,
(1 — mass of L — CNCs) x AHg

X = x 100 (1)
AH,, is the measured endothermic enthalpy of melting. The
melting enthalpy, AHg, of 100 % crystalline PLA was
taken as 93.0 J gfl from the literature [31]. The results
presented in Table 1 clearly indicate that X. of PLA
increased by almost sevenfold on the addition of only
0.3 % L-CNCs. This dramatic improvement in X, and T,
of PLA clearly shows that L-CNCs acted as nucleating
sites and provided a surface to grow PLA crystals.
Nucleating behavior of CNCs and CNFs in a PLA matrix
has been reported, with most of the reports showing
improvement in 7. with or without a significant change in
X. [14, 20, 32-37]. In PLA/cellulose nanofiller nanocom-
posites, the maximum improvement in X, achieved so far is
only two- to —threefold at nanofiller loading ranging from
1.0 to 7.5 mass%. It is worth to note that the X. of
PLA/cellulose nanofiller nanocomposites reported in the
literature was found to be sensitive to processing methods,
loading of nanofiller, modification of PLA, and the cellu-
lose nanofillers. The significant improvement in X, and 7.
found in the present study can be attributed to the better
dispersion and improved interfacial interaction between
L-CNCs and PLA chains. Nucleating efficiency of nano-
fillers depends on their dispersion and surface properties.
Better dispersion leads to more nucleating sites and thus
higher rates of crystallization. The presence of the lignin
coating on the L-CNCs reduced intra-particle H-bonding
among CNCs and lead to better dispersion of CNCs in the
PLA matrix. With increasing L-CNC loading, the drop in
X, is possibly due to agglomeration of the L-CNCs or
network formation above the percolation threshold. We
have also investigated the effect of L-CNCs at lower
loading, 0.1 mass% on the crystallization behavior of PLA;
however, no significant effect was observed (data not
shown).

Table 1 Thermal parameters of neat PLA and PLA/L-CNC
nanocomposites derived from the second heating DSC scans

Sample designation AH,/J f,fl T../°C T./°C % X,
Neat PLA 5.4 129.3 151.5 5.8
PLA/L-CNCs-0.3 % 37.1 112.5 146.6 40.0
PLA/L-CNCs-1.0 % 32.0 113.2 146.2 34.8
PLA/L-CNCs-2.0 % 30.0 114.6 146.9 32.9
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Isothermal crystallization behavior of PLA/L-CNC
nanocomposites

Avrami analysis

In order to fully understand the effect of L-CNCs on the
bulk crystallization rate of PLA, isothermal crystallization
kinetics of PLA/L-CNC nanocomposites was studied. The
isothermal crystallization exotherms of PLA and the
nanocomposites (at different isothermal crystallization
temperature, 7.) are shown in Fig. 2. Figure 2 clearly
shows that with increasing isothermal crystallization tem-
perature the exotherms shift to lower time indicating that
rate of crystallization is increasing with increasing tem-
perature. This is a common phenomenon for semicrys-
talline polymers because polymeric chains have more
mobility to arrange regularly at higher crystallization
temperatures, whereas, at the same temperature, the pres-
ence of L-CNCs accelerated the rate of crystallization as
compared to neat PLA, thus reducing the time required for
complete crystallization.

In general, evolution of crystallinity is linearly propor-
tional to the evolution of heat released during the course of
crystallization. The relative crystallinity (X;) as a function
of crystallization time (f) can be calculated using Eq. 2:

" a
J & de
X, -0 (2)

dd qr

where the numerator represents the heat generated at time ¢,
while the denominator represents the total heat generated
during the entire crystallization process. Using Eq. (2), the
fraction of the relative crystalline phase, X,, for the sample
at a particular time ¢ was calculated and plotted in Fig. 3
with respect to t. Figure 3 shows that the rate of crystal-
lization of PLA is very slow and both the nucleation and

crystal growth processes are taking place simultaneously.
However, the sigmoidal shape of X; vs. ¢ plot of PLA/L-
CNC nanocomposites clearly shows nucleation followed
by crystal growth during crystallization.

In order to quantitatively describe the macroscopic
evolution of crystallinity during primary crystallization
under quiescent isothermal conditions, classical Avrami
theory was used [38, 39]. The Avrami equation is as
follows:

1 — X, = exp (—ki") (3)

Equation (3) can be rewritten in double logarithmic form
as follows:

In[-In(l—-X)] =Ink+nlnt (4)

where k is the rate constant which depends on the
geometry of the growing crystalline phase and n is the
Avrami exponent which represent the nucleation and
growth processes. The values of In[-In(1-X,)] were plotted
against In ¢ (Fig. 4), and the value of n and k were cal-
culated from the slope and intercept of the linear regres-
sion analysis. The crystallization process usually has two
stages, namely the primary crystallization stage (linear
portion) and the secondary crystallization stage (nonlinear
portion). The Avrami theory does not describe the com-
plete crystallization process and is usually applicable at
the primary crystallization stage [33]. Thus, n and k val-
ues were calculated from the linear portions of the plots
and results are summarized in Table 2. Figure 4 also
shows the existence of secondary crystallization because
at low X, values, the plots are linear, whereas at higher X;
values, the curves deviate from linearity for all the sam-
ples [40].

The k values of the PLA/L-CNC nanocomposites are
higher than those of neat PLA and increase with increasing
crystallization temperature for all the L-CNC nanocom-
posites indicating faster crystallization. Surprisingly, the
rate of crystallization has almost doubled at 105 °C for all

Fig. 2 DSC heating curves for (a) (b)
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Fig. 4 Plots of In[-In(1—X,)] versus In 7 for a neat PLA and b PLA/L-CNC nanocomposite
Table 2 Kinetic parameters for isothermal crystallization of neat PLA and PLA/L-CNC nanocomposites
T./°C Neat PLA PLA/L-CNCs-0.3 % PLA/L-CNCs-1.0 % PLA/L-CNCs-2.0 %
n 95 1.4 1.6 1.6 1.6
100 1.4 1.6 1.6 1.7
105 1.5 1.6 1.7 1.6
110 1.5 1.9 2.1 1.8
115 1.5 2.0 1.9 2.0
k/min~"! 95 0.125 0.152 0.157 0.152
100 0.138 0.211 0.186 0.192
105 0.153 0.318 0.278 0.279
110 0.179 0.233 0.215 0.261
115 0.185 0.242 0.205 0.221
t1/2/min 95 3.95 2.84 2.76 2.85
100 3.59 2.06 2.33 2.12
105 3.02 1.36 2.29 1.55
110 2.58 1.57 1.89 1.48
115 2.5 1.43 1.78 1.57
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the nanocomposite samples. According to crystallization
theory, crystal growth rate of semicrystalline polymers
shows a bell-shaped temperature dependence [1]. PLA,
however, shows a discontinuity in the crystal growth rate as
a function of isothermal crystallization temperature. This
unusual behavior of PLA has been reported by several
researchers for intermediate molecular weight PLA
[31, 41-44]. Kawai et al. [41] found that instead of dis-
playing one maximum, the growth rate vs. temperature
curve exhibits two maxima. The first maximum was found
at 105 °C, while a second maximum was found at 130 °C
showing a clear discontinuity at around 105-130 °C. This
anomalous behavior of PLA was found to be dependent on
molecular weight [45], tacticity, species of co-monomer
[46], and change in regime from regime II to regime III
[1, 47]. The n value relates to the nature of nucleation and
the dimensionality of the growing crystals and usually
takes an integer number between 1 and 4. It has been
reported for various polymers that the n value adopts
fractional numbers due to secondary crystallization. The
value of n was found to be close to 1 for neat PLA, sug-
gesting formation of lamellae, whereas n value close to 2
was obtained for PLA/L-CNC nanocomposites suggesting
a two-dimensional crystal growth. The n value obtained in
the present study is similar to those reported for the neat
PLA and PLA/clay nanocomposites [21, 48].

Crystallization half time, t;,, is another important
crystallization kinetics parameter; it is defined as the time
needed to complete half of the isothermal crystallization
and calculated as follows:

In2\'/"
typ = <k) (5)

Usually, t,/, is employed to characterize the crystallization
rate directly since it includes contributions from primary
nucleation and growth processes. The growth rate, G, can
be defined as the reciprocal of #;,,, as follows:

G=1 ©
12

As shown in Table 2, for PLA/L-CNC nanocomposites ?,,
values are lower than that of neat PLA, indicating the
nucleating property of L-CNCs. The t;, values, for all
samples, were found to decrease with increasing isothermal
crystallization temperature due to the higher chain mobility
at high temperature which led to faster crystallization.

Lauritzen—-Hoffman secondary nucleation theory
Lauritzen—Hoffman theory [49] was used to further analyze

the nucleating effect of L-CNCs on the crystallization
process of PLA. According to Lauritzen—Hoffman theory,
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the temperature dependence of the linear growth rate of
PLA can be represented by Eq. 7.

G = G, exp <R(T:7U*Too)) exp (TCAKTg ) (7)

The first term represents the diffusion of chains to the
growth front, while the second is related to the secondary
nucleation barrier. G represents the linear growth rate, G,
is a pre-exponential factor, U* is the activation energy for
transport of PLA chains to the crystallization site, K, is the
nucleation parameter, R is the gas constant, T, is the
isothermal crystallization temperature, T, is the hypo-
thetical temperature where crystallization process com-
pleted and is defined as T, = T,-30 °C, f'is a corrective
factor that takes into account the variation of the equilib-
rium melting enthalpy with temperature, defined as
f=2T,/(T. — T%), and AT is the degree of supercooling
defined by AT =T — T, where T? is the equilibrium
melting temperature. The value of TI?] for PLA and PLA/L-
CNC nanocomposites (Fig. 5) was obtained from nonlinear
Hoffmann—Week extrapolation [50], and the results are
reported in Table 3. A plot of 70 /T — Ty, vs. T2 /T — T,
yielding a straight line with slope of unity, i.e., (r = 1.00)
gives the true 70 value. The value of T? for neat PLA
obtained in the present study is close to the values obtained
using nonlinear Hoffmann—Week extrapolation for PLA
having different molecular weights [5]. The nucleation
constant, K, is the energy required for the formation of
nuclei of critical size and is defined by Eq. 8:

nbo ()'eTI?1

¢~ "AHikg (8)

where n is a constant value that depends on the crystal-
lization regime (i.e., it is equal to 2 in regime II and 4 for
both regime I & III), b is the single layer thickness, o is the
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Fig. 5 Determination of equilibrium melting temperature for PLA
using nonlinear Hoffman—Weeks equation
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Table 3 Lauritzen—-Hoffman parameters for isothermal crystallization of neat PLA and PLA/L-CNC nanocomposites

Neat PLA PLA/L-CNCs-0.3 % PLA/L-CNCs-1.0 % PLA/L-CNCs-2.0 %
70/°C 190.8 190.6 182.7 188.3
KJ/K* 372 x 10° 3.32 x 10° 3.10 x 10° 3.17 x 10°
oo/J m2 8.25 x 1072 7.33 x 1072 6.90 x 1072 7.02 x 1072
o/J m™2 1.54 x 1072 1.54 x 1072 1.54 x 1072 1.54 x 1072

lateral surface free energy, o, is the free energy of folding
which reflects the work required to create a new surface,
AH is the heat of fusion per unit volume; 70 is the equi-
librium melting temperature, and kg is the Boltzmann’s
constant. It is often most convenient to rearrange Eq. 8§ as:
u* K,

0gG+=— o =logGy— =t (9
0t T oty 2% s ary ¥

By plotting the log G+ U % /2.303(T, — Tw,) versus
1/2.303T.(AT)f, the value of K, [i.e., K, = —(slope)
(Fig. 6)] can be determined. For the calculation purpose,
values of Tg(given in Table 3), T,=56°C, and
U#* = 1500 cal mol~' were used and G was calculated
using Eq. 6.

The lateral surface free energy, o, is estimated by the
Thomas—Stavely relationship (Eq. 10) [49]:

o = . AH;. (ab)'/? (10)

where « is an empirical constant, which is usually assumed
to be ~0.25. Taking « = 0.25, molecular width (a) = 5.97
1&, molecular layer thickness (b) = 5.17 A and
AH; = 1.11 x 108 7T m73, o can be calculated to be
1.54 x 1072 J m ™2 Using the values obtained for K, and
o, the folding surface free energy o. can be calculated
using Eq. 8.

11 -
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Fig. 6 Plot of log G 4+ U*12.303 R (T.-T,,) as a function of 1/2.303
T, f AT x 10°

The values of K, and ¢, obtained for PLA and L-CNC
nanocomposites are tabulated in Table 3. The values of K,
and o, are lower for the nanocomposite as compared to
neat PLA which shows that the presence of L-CNCs
decreased the activation energy of nucleation and the
energy required to fold PLA chains to create a new sur-
face. It is well known that addition of foreign particles
provide a new surface to grow crystals on it, thus
increasing the heterogeneity of the system. During
heterogeneous nucleation, polymeric chains start growing
on these preexisting surfaces and reduce the energy
required for primary nucleation. The presence of L-CNCs
in the PLA matrix reduced the work required to create a
new surface for crystallization and catalyzed the crystal-
lization process.

Conclusions

The L-CNCs acted as a nucleating agent and catalyzed the
bulk crystallization process of PLA resulting in an about
sevenfold increase in the degree of crystallinity. Crystal-
lization and nucleation parameters for PLA/L-CNC
nanocomposites were determined using Avrami and Lau-
ritzen—Hoffman theory. Higher value of the Avrami
exponent, n, and overall rate of crystallization, k, for PLA/
L-CNC nanocomposites as compared to neat PLA showed
the nucleating behavior of L-CNCs. Moreover, the n value
for neat PLA changed from 1 to 2 in the presence of
L-CNCs showing gradual growth from lamella to two-di-
mensional morphology. The nucleation parameters, K, and
o, calculated from secondary nucleation theory for PLA/
L-CNC nanocomposites showed lower values for the
nanocomposites suggesting that addition of L-CNCs low-
ered the energy requirement for chain folding for PLA
chains. The present study indicates that lignin-coated cel-
lulose nanocrystals are an excellent nucleating agent for
PLA and can help to achieve optimum physical properties
and hydrolytic stability of PLA.
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