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ABSTRACT

Nanocomposites of poly(L-lactic acid) (PLA) with fumed silica nanoparticles (SiO,), montmorillonite
(MMT) and oxidized multi-walled carbon nanotubes (o-MWCNTSs), containing 2.5 wt% nanoparticles were
prepared, by solved evaporation method. SEM micrographs evidenced fine dispersion of the nanoparticles
into PLA matrix. This has as result to act as efficient reinforcing agents increasing the storage modulus,
as was verified from DMA analysis. The nanoparticles were found to be effective nucleaging agents in
cases of silica nanoparticles and MWCNT. On cooling from the melt crystallization was accelerated by
the presence of nanoparticles and the effective activation energy calculated using the isoconversional
method of Friedmann decreased. The nucleation activity was calculated. Cold-crystallization was also
affected by the presence of nanoparticles. However, it seems that the phenomenon begins at lower tem-
peratures and this results in formation of imperfect crystalline structure which reduce macromolecular

Multi-walled carbon nanotubes
Thermal characterization

chain mobility of the remaining amorphous polymer, finally limiting the ultimate crystallinity.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Biodegradable polyesters are materials that are hydrolysable at
temperatures up to 50 °C (e.g., in composting) over a period of sev-
eral months to one year [1,2]. Poly(lactic acid), (PLA), has proven
to be the most attractive and useful biodegradable polymer among
the numerous polyesters studied so far [3]. PLA is a biodegradable,
biocompatible and compostable polyester derived from renewable
resources such as corn, potato, cane molasses and beet sugar. It is
a most promising environmentally friendly thermoplastic [4].

Commercially available high molecular weight PLA resins are
produced via the lactide ring-opening polymerization route [5,6].
PLA has promising applications in packaging, consumer goods,
fibers and in biomedicine because of its excellent mechanical prop-
erties, transparency, compostability and bio-safety [7-10].

The mechanical properties of high molecular weight PLA are
comparable to other commodity thermoplastics like polystyrene
and PET, and therefore it might replace these polymers for numer-
ous applications [11,12]. But its high cost has limited its uses till
recently. However, now latest technological advances have given
rise to PLA resins that are commercially viable and can compete
with petrochemical plastics [12-16].

Organic/inorganic nanocomposites are generally organic poly-
mer composites with inorganic nanoparticles. The formation of
hybrid organic/inorganic nanocomposite materials results in a syn-
ergetic effect of the two respective components in the nanometer
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scale leading to considerable improvements of various characteris-
tics of the pristine organic material such as mechanical, thermal,
and gas-barrier properties [17,18]. The small size of the fillers
leads to a dramatic increase in interfacial area and this creates a
significant volume fraction of interfacial polymer with properties
different from the bulk polymer even at low loadings [19-22]. Typi-
cal filler amounts of less than 5 wt% result in effective enhancement
of the nanocomposite [23]. There is a large variety of inorganic filler
nanoparticles including nanotubes, layered silicates (e.g., mont-
morillonite, saponite), nanoparticles of metals (e.g., Au, Ag), metal
oxides (e.g., TiO,, Al;03), semiconductors (e.g., PbS, CdS), and so
forth [24].

In this work a series of PLA nanocomposites containing dif-
ferent types of inorganic filler nanoparticles were prepared, with
constant filler content 2.5wt% in every case, as in most cases a
filler content of 2-3% leads to optimum properties [19-23]. Fillers
include multi-walled carbon nanotubes, fumed silica and mont-
morillonite nanoparticles. The non-isothermal crystallization is
studied in order to evaluate the effect of the type of filler. The study
includes crystallization from the melt and from the glass (cold-
crystallization). Various models are used to evaluate the nucleation
efficiency of the fillers, the parameters of crystallization kinetics
and the activation energy of the process.

2. Experimental
2.1. Materials

Commercially PLA reinforcement ligament for orthopedics
applications under the trade name Resorbaid® was supplied from
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Cousin Biotech (France). Fumed silica (SiO,) nanoparticles were
supplied by Degussa AG (Hanau, Germany) under the trade name
AEROSIL® 200, having a specific surface area of 200m?/g SiO,
content >99.8% and average primary particle size 12 nm. Montmo-
rillonite under the trade name Cloisite® 20A (org-MMT), which
is modified with a dimethyl, dihydrogenated tallow quaternary
ammonium chloride salt, was supplied from Southern Clay Prod-
ucts Inc. (Golzales, TX, USA). The particle sizes ranged between
2 and 13nm and have modulus of elasticity 4.657 GPa, tensile
strength 101 MPa and moisture content <2%. Multi-walled car-
bon nanotubes (MWCNTs) used in this work were synthesized
by the chemical vapor deposition (CVD) process and were sup-
plied by Nanothinx (Patras, Greece). Their diameter was between
9 and 20 nm, their length>5 pm and were used in oxidized form
(MWCNTs-COOH). For this reason, 1g of the nanotubes were sus-
pended in 40 ml of a mixture of concentrated nitric acid and sulfuric
acid (1:3 in volume ratio) and refluxed for 15 min. After wash-
ing with deionized water until the supernatant had attained a pH
around 7, the samples were dried under vacuum at 100°C [25].
Dichloromethane anhydrous (>99.8%) and tetrahydrofuran anhy-
drous (>99.8%) were obtained from Aldrich Chemical Co.

2.2. Preparation of PLA nanocomposites

PLA ligament for orthopedic surgery applications was dissolved
in a mixture of dichloromethane/tetrahydrofuran 50/50 (w/w) at
room temperature while at the same mixture were dispersed dif-
ferent nanoparticles (SiO,, montmorillonite or oxidized MWCNTSs)
under sonication for 1 h. The PLA solution and nanoparticles disper-
sion were mixed under stirring for 1 h and sonicated for additional
1 h. The mixture was cast on a Petri dish at room temperature. The
solvent was allowed to evaporate in air for 3 days and then at 50°C
for 1 day in vacuum. Thus, after complete solvent removal thin
films of the nanocomposites were obtained. The prepared films
were placed in a desiccator to prevent any moisture absorption.
Nanocomposites containing 2.5 wt% SiO,, 2.5 wt% montmorillonite
and 2.5 wt% oxidized MWCNTs were prepared with code names
PLA/SiO5, PLA/MMT and PLA/MW(CNT.

2.3. Morphological examination

Electron diffraction (ED) and transmission electron microscopy
(TEM) observations were made on ultra thin film samples of the var-
ious nanocomposites prepared by an ultramicrotome. These thin
films were deposited on copper grids. ED patterns and TEM micro-
graphs were obtained using a JEOL 120 CX microscope operating at
120kV.

2.4. Dynamic mechanical analysis (DMA)

For dynamic thermomechanical analysis Rheometric Scientific
analyzer (model Mk III) was used. The bending method was used
at a frequency of 1Hz, a strain level of 0.04% in the temperature
range of 0-60°C. The heating rate was 3 °C/min. Testing was per-
formed using rectangular bars with dimensions, approximately,
30mm x 10 mm x 3 mm.

2.5. Wide-angle X-ray diffraction (WAXD) study

X-ray diffraction measurements of the blends were performed
by an automated Philipps PW1050 powder diffractometer, using
nickel filtered Cu Ka radiation, at an angle of 26 range 5-60°, with
0.028 step and 5 s data collection time.

2.6. Differential scanning calorimetry (DSC)

A PerkinElmer Pyris Diamond DSC differential scanning
calorimeter, equipped with a PerkinElmer Intracooler Il and cali-
brated with high purity indium and zinc standards was used for
DSC measurements.

For non-isothermal crystallizations from the melt, low mass
samples (about 5mg) were first melted at 220°C for 1 min and
then cooled to 25°C at various cooling rates, namely 2.5, 5, 7.5,
10, 15 and 20 °C/min. For non-isothermal crystallizations from the
glass torecord cold-crystallization, the samples were first melted at
220°C for 1 min and then cooled to 25 °C at a rate 200 °C/min. Sub-
sequently, heating scans at rates 2.5, 5, 7.5, 10, 15 and 20 °C/min
were performed in the temperature range from 25 to 220°C.

2.7. Polarizing light microscopy (PLM)

A polarizing light microscope (Nikon, Optiphot-2) equipped
with a Linkam THMS 600 heating stage, a Linkam TP 91 control
unit and a Jenoptic ProgRes C10Plus camera was used for PLM
observations.

3. Results and discussion
3.1. Nanocomposites preparation and characterization

For nanoparticles surface-to-volume ratio plays a crucial role.
While large surface-to-volume ratio makes nanoparticles superior
reinforcements of polymer matrices over conventional fillers, it also
brings difficulties in dispersing them due to the strong interac-
tions among themselves. Due to these nanoparticle interactions, it
is extremely difficult to disperse nanoparticles uniformly, specially
at higher particle loadings. In a previous study, in order to enhance
the compatibility between PLA and SiO, and to achieve a fine dis-
persion of SiO, into PLA matrix, L-lactic acid oligomers reacted
onto the surface of silica nanoparticles before melt blending with
PLA [26] The loading of SiO, nanoparticles in poly(L-lactide) (PLLA)
matrix greatly improves the toughness and tensile strength of this
material. Wu and Liao followed a different procedure according to
which SiO, nanoparticles were well dispersed into PLA by using
acrylic acid grafted polylactide (PLA-g-AA) as compatibilizer [27].
In the present study for the uniform dispersion of nanoparticles
into PLA matrix the mixture of dichloromethane/tetrahydrofuran
50/50 (w/w)was chosen since from preliminary experiments it was
found that nanoparticles are well dispersed avoiding precipitation.

As can be seen from Fig. 1a the SiO, nanoparticles were homo-
geneously dispersed into PLA. Taking into account that the average
diameter of the used nanoparticles is 12 nm some aggregates were
also observed with sizes less than 100 nm. In the case of montmo-
rillonite (Fig. 1b) such aggregates were not observed, as well as
in PLA/MWCNTs nanocomposite. From Fig. 1c it can be seen that
MW(CNTs are dispersed as individual nanotubes. This fine disper-
sion should be attributed to the interactions between the carboxyl
groups of oxidized MWCNTSs with hydroxyl end groups of PLA. Fur-
thermore, as can be seen the MMT is dispersed in intercalated form
into PLA matrix.

WAXD measurements of the as prepared films showed that they
were essentially amorphous, since only the amorphous halo of PLA
could be seen in the respective patterns.

Dynamic mechanical analysis is a useful and very sensitive tech-
nique for the investigation of microstructure of the macromolecular
chain conformations and movements during the exposure of poly-
mers to a variety of temperatures. In Fig. 2a are presented the
storage modulus of neat PLA and its nanocomposites containing
2.5wt% of different nanoparticles, as a function of temperature.
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Fig. 1. TEM micrographs of PLA nanocomposites (a) PLA/SiO>, (b) PLA/MMT and (c)
PLA/MWCNT.

The storage modulus of neat PLA remains stable till 45°C and
decreases at temperatures close to glass transition. However, after
this temperature area, storage modulus increases slightly again,
with increasing temperature. This is unusual in polymers since
storage modulus decreases gradually with increasing temperature.
However, the recorded increase in the studied materials can be
attributed to the cold-crystallization of PLA. A similar behavior can
be seen also in all nanocomposites. The most characteristic differ-
ence is that the storage modulus of PLA nanocomposites is larger
than neat PLA. This indicates the effectiveness of the nanopartciles
on reinforcing PLA. PLA nanocomposites containing SiO, have the
largest storage modulus, maybe because, as was also supposed by
others, hydrogen bonding interaction between C=0 of PLA with
Si—OH of SiO, can take place, increasing the adhesion of nanopar-
ticles with polymer matrix [28].

A lot of alterations were also recorded in tan § curves. Neat PLA
was found to have a Ty at 49 °C (Fig. 2b), while the temperature of
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Fig. 2. Dynamic mechanical relaxation behaviour of the prepared PLA nanocompos-
ites: (a) storage modulus (E') and (b) tand.

the maximum remains stable or shifts to slightly higher values in
case of nanocomposites. Usually the T of a polymeric matrix tends
to increase with the addition of nanoparticles, due to the inter-
actions between the polymer chains and the nanoparticles and to
the reduction of macromolecular chain mobility at the zone sur-
rounding the nanoparticles [29,30]. This is clearer comparing the
peak areas of neat PLA and nanocomposites, which is drastically
decreased after the addition of nanoparticles. The glass transition
isacomplex phenomenon depending on a number of factors such as
chain flexibility, molecular weight, branching, cross-linking, inter-
molecular interactions, and steric effects. The small increase of
Tg (1-2°C) after the addition of SiO, could be attributed to the
decrease in free volume in the polymer matrix due to the physi-
cal cross-linking caused by the interactions taking place between
the silanoil groups of SiO, and PLA. A similar increase was reported
also in PLA/MWCNTs nanocomposites due to the existence of rigid
MW(CNTs incorporated into the PLA matrix [31] or by using other
nanoparticles like clay [32]. However, in our study it seemed that
the chain segment mobility of the PLA phase was not influenced
drastically by the introduction of SiO; or MMT nanoparticles.

Finally, as will be discussed below, the Tg values of nanocompos-
ites measured from DSC scans of quenched nanocomposite samples
were also found to increase by 1-2 °C compared to neat PLA.

3.2. Non-isothermal melt crystallization

In order to investigate the effect of the filler nanoparticles on
the crystallization of the PLA matrix, crystallization tests on cooling
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Fig.3. (a)Typical DSCscans for melt crystallization of plain PLA and all the nanocom-
posites at 10°C/min cooling rate and (b) crystallization peak temperature as a
function of the cooling rate for PLA and all the nanocomposites.

from the melt or heating from the glassy state at various rates were
performed using DSC.

3.2.1. Non-isothermal melt crystallization kinetics

First, non-isothermal melt crystallization was studied on cooling
at various rates from 2.5 to 20°C/min. From non-isothermal crys-
tallization experiments, data for the crystallization exotherms as a
function of temperature can be obtained, at each cooling rate. The
crystallization peak becomes broader and it shifts to lower tem-
peratures with increasing cooling rate. Typical comparative plots
for plain PLA and the nanocomposites at 10°C/min cooling rate
appear in Fig. 3a. From a first look it appears that crystallization
of PLA is similar to that of PLA/MMT nanocomposites, while both
start and complete always at lower temperatures compared to the
other nanocomposites of PLA with silica and MWCNT. Also, form
a first look it appears that in the PLA/MWCNT nanocomposites a
different crystallization mechanism is observed at early degrees of
crystallization.

The peak temperature, T, as a function of the cooling rate for
all samples investigated appear in Fig. 3b. As it is expected, with
increasing cooling rate the peak temperature decreased, meaning
that the higher the cooling rate the lower the temperature that
the crystallization process started and completed. Also, as it can be
seen in Fig. 3b the T, of plain PLA is similar to that of PLA/MMT
nanocomposites at all cooling rates, while the T, of the PLA/SiO;
nanocomposites seems to be higher followed by the PLA/MWCNT
nanocomposite.

Table 1
Characteristic rate constant, k and exponent, n of the Avrami equation for plain PLA
and the nanocomposites.

Cooling rate (°C/min) Plain PLA
Ka (min') n

PLA/SiO;
Ka (min~') n

PLA/MMT
Ka (min') n

215 0.2165 4.17 0.2719 5.30 0.3022 4.14
5] 0.3840 4.77 0.4273 6.15 0.4966 4.52
7.5 0.5015 4.69 0.5906 6.48 0.6325 4.33
10 0.6191 4.45 0.8410 5.76 0.7590 3.93
15 0.7485 3.84 1.0963 5.32 0.9193 3.08
20 0.8778 3.42 1.3909 433 1.0288 293

From the data for the crystallization exotherms as a function
of temperature dH./dT the relative crystallinity as a function of
temperature X(T) can be calculated as follows:

1 (dHe/dT)dT

X= Ji*(dHc/dT)dT W

where T, denotes the initial crystallization temperature and T, Too
the crystallization temperature at time t and after the completion
of the crystallization process, respectively.

The crystallization temperature T,, can be converted to
crystallization time, t, with the well-known relationship for non-
isothermal crystallization processes: [33]

(Tc = To)
B

where g is the constant cooling rate.

To quantitatively describe the evolution of the crystallinity dur-
ing non-isothermal crystallization, a number of models have been
proposed in the literature [34]. The most common approach is that
based on the modified Avrami equations. According to this method,
the relative degree of crystallinity, X, can be calculated from:

t= (2)

X=1—exp(-Zit")or X =1-—exp[—(Kat)"] (3)

where Z; and n denote the growth rate constant and the Avrami
exponent, respectively. Since the units of Z; are a function of n, Eq.
(3) can be written in the composite — Avrami form using K, instead
of Z; (where Z; =K,™) [35].

K4 and n can be calculated by fitting the experimental data to
the following equation obtained after taking the logarithm of both
sides of Eq. (3).

log[-In(1 — X)] = n log(Ka) + nlog(t) (4)

In Fig. 4 typical plots of log{—In(1 — X)} versus log(t) are shown
for the PLA/MMT (a) and PLA/MWCNT (b) samples. Straight lines
were obtained in each cooling rate for the PLA and PLA/MMT and
PLA/SiO, nanocomposites, while a break in the curves was clear
in the PLA/MWCNT nanocomposites. From the slope and intercept
of each line n and log(K,) can be calculated and the best fitting
values for the parameters n and K, are presented in Table 1. The
values of K, as it was expected increased with the cooling rate,
while n was in the vicinity of 4.2, 5.5 and 3.8 for PLA, PLA/SiO, and
PLA/MMT, respectively. Since, for the PLA/MWCNT nanocomposite
asignificant deviation from linearity appeared at different values of
relative degree of crystallinity, two consecutive Avrami plots were
used. This way, two sets of parameters were found, associated with
the primary and secondary crystallization respectively, which are
reported in Table 2 together with the relative degree of crystallinity
where the break points appear. The increase of n values in cases of
PLA/SiO, and PLA/MWCNT nanocomposites indicates changes in
crystallization mechanism due to heterogeneous nucleation of PLA
caused by the nanoparticles.
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Fig.4. Avrami-type plots for the (a) PLA/MMT and (b) PLA/MWCNT nanocomposites.

3.2.2. Effective activation energy

Effective activation energy is an important parameter associ-
ated with non-isothermal crystallization, as it determines the rate
of the process. The effective activation energy of non-isothermal
crystallization was estimated for all samples investigated. Several
mathematical procedures have been proposed in literature for the
calculation of the effective activation energy of non-isothermal
crystallization (AE), considering the variation of the peak tem-
perature with the cooling rate, 8, such as the Kissinger’s method
which has been widely applied in evaluating the overall effec-
tive activation energy [36]. However, use of multiple heating rate
methods such as isoconversional methods is recommended. An iso-
conversional method can in principle be applied to non-isothermal
crystallizations for evaluating the dependence of the effective acti-
vation energy on conversion and temperature. The differential
isoconversional method of Friedman [37] and the advanced inte-
gral isoconversional method of Vyazovkin [38-40] are the most
appropriate. In this investigation the method of Friedman was

Table 2
Characteristic rate constants, K1 and K4, and exponents, n; and n, of the Avrami
equation for the PLA/MWCNT nanocomposite.

Cooling rate (°C/min) PLA/MWCNT
Kap (min—')  ny Kao (min~')  ny X at break
2.5 0.1642 256 0.1852 5.04 45
5 0.2201 2.63 0.2865 7.69 35
7.5 0.2608 247 0.4107 7.80 22
10 0.2831 239 0.5063 745 17
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Fig. 5. Effective activation energy as a function of the relative degree of crystallinity
(a) or temperature (b) obtained during melt crystallization of plain PLA and the
PLA/SiO,, PLA/MMT and PLA/MWCNT nanocomposites.

used. According to the differential isoconversional method of Fried-
man, different effective activation energies are calculated for every
degree of crystallinity from [37]:

dX AEx
ln<a)x,i = Const — RTx (5)

where dX/dtis the instantaneous crystallization rate as a function of
time at a given conversion X, AEy is the effective activation energy
at a given conversion X, Ty; is the set of temperatures related to a
given conversion X at different cooling rates, §; and the subscript i
refers to every individual cooling rate used.

According to this method, the X(t) function obtained from
the integration of the experimentally measured crystallization
rates is initially differentiated with respect to time to obtain the
instantaneous crystallization rate, dX/dt. Furthermore, by selecting
appropriate degrees of crystallinity (i.e. from 5% to 95%) the values
of dX/dt at a specific X are correlated to the corresponding crystal-
lization temperature at this X, i.e. Tx. Then by plotting the left hand
side of Eq. (5) with respect to 1/Tx a straight line must be obtained
with a slope equal to AEx/R. In every X for cooling rates ranging
between 2.5 and 10°C/min almost linear curves were obtained. The
effective activation energy, thus obtained was subsequently plotted
as a function of the relative degree of crystallinity, as one can see in
Fig. 5a. The effective activation energy increases with X as it has also
been observed in other systems. Moreover, it was observed that the
nanocomposites of PLA/SiO; presents always lower AE values com-
pared to plain PLA and PLA/MMT, meaning a faster crystallization
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rate as it was observed from the DSC measurements. The effective
activation energy of PLA/MWCNT is initially high decreases with
increasing X, and after 50% it increases again. Finally, by taking
an average temperature at each X, the effective activation energy
can be plotted as a function of temperature shown in Fig. 5b. AE
decreases with temperature for PLA, PLA/SiO, and PLA/MMT, while
it initially decreases but then increases for PLA/MWCNT.

3.2.3. Nucleation activity

Dobreva and Gutzow [41,42] suggested a simple method for cal-
culating the nucleation activity of foreign substrates in polymer
melt. This method has been also used for silica nanoparticle-filled
PEN [43] and for PP composites [44]. Nucleation activity (¢) is a fac-
tor by which the work of three-dimensional nucleation decreases
with the addition of a foreign substrate. If the foreign substrate
is extremely active, ¢ approaches 0, while for inert particles, ¢
approaches 1. The nucleation activity is calculated from the ratio:

B*

¢ = B (6)
where B is a parameter that can be calculated from the following
equation

wo3VZ

— Z m 7
3nkyTO AS2 )

where w is a geometric factor, o is a specific energy, Vp, is the molar
volume of the crystallizing substance, n is the Avrami exponent,
ASp is the entropy of melting and T%, is the infinite crystal melting
temperature (assumed to be equal to 207 °C for PLA [45]).

Furthermore, B can be experimentally determined from the
slope of Eq.(8) obtained by plotting In(8) versus the inverse squared
degree of supercooling 1/AT£(ATP =Tm—Tp)[32,42]:

B

In 8 = Const — — 8

B AT? (8)
The above equation holds for homogeneous nucleation from a

melt, near the melting temperature. By using a nucleating agent, Eq.

(8) is transformed to the following for heterogeneous nucleation:

*

AT?

In B = Const — 9)

Plots of In(8) versus 1/AT§ for the plain PLA and all PLA
nanocomposites are shown in Fig. 6a. As it can be seen straight lines
are obtained in every sample (correlation coefficient R>0.998).
From the slopes of these lines, the values of B and B’ for the plain
PLA and the nanocomposites can be calculated, respectively. Then,
the nucleation activity is computed from Eq. (6) and is presented
in Fig. 6b. From these results, it can be seen that the nanocom-
posite of PLA with MMT exhibited no nucleation effect, while this
was clear for the other two nanocomposites, indicating that Silica
and MWCNT were acting effectively as nucleation agents in the PLA
matrix.

3.3. Non-isothermal cold-crystallization

3.3.1. Cold-crystallization kinetics

Moreover, crystallization experiments on heating were carried
out for the PLA and PLA nanocomposites at different heating rates.
Typical DSC scans appear in Fig. 7a. As it can be seen again for PLA
nanocomposites with silica or MWCNT crystallization started at
lower temperatures compared to those of plain PLA and PLA/MMT
nanocomposites. However, the final crystallinity was higher for
neat PLA and PLA/MMT nanocomposites as can be proved by the
larger areas of melting peaks. Furthermore, for nanocomposites
increased tendency for recrystallization can be observed and finally
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Fig. 6. (a) Plots of In(B) versus 1/AT,§ for the plain PLA and all PLA nanocomposites
and (b) nucleation activity for PLA and all PLA nanocomposites.

the melting peak temperature is higher as a result of crystal perfec-
tion on heating. This behavior can be attributed to nucleation due to
the presence of nanofiller. Thus, crystallization initialized at lower
temperatures and this resulted in generation of some imperfect
crystals which then act as cross-linkings between macromolecular
chains, reducing mobility and ability of chains to further crystallize,
finally limiting ultimate achievable crystallinity.

The peak temperature, T, as a function of the heating rate for
all samples investigated appear in Fig. 7b. As it is expected, with
increasing heating rate the peak temperature increased, meaning
that the higher the heating rate the higher the temperature that
the crystallization process started and completed. Also, as it can be
seen in Fig. 7b that the T, of plain PLA is higher compared to the
nanocomposites followed by the PLA/MMT, PLA/MWCNT, while the
T, of the PLA/SiO; nanocomposites was always the lower, meaning
that silica nanoparticles nucleated PLA cold-crystallization more
effectively.

Following, from the data for the crystallization exotherms as a
function of temperature dH./dT the relative crystallinity as a func-
tion of temperature X(T) can be calculated from an equation similar
to Eq. (1), and the crystallization temperature T, can be converted
to crystallization time, t, from Eq. (2). Then, by taking the inverse of
the half crystallization time (meaning the time to achieve 50% rel-
ative degree of crystallinity) a measurement of the crystallization
rate can be obtained. Such plots appear in Fig. 8a.

From Fig. 8a, it can be observed that the nanocomposites of
PLA with MWCNT exhibit the lower crystallization rate. In order
to quantitatively describe the evolution of the crystallinity during
non-isothermal crystallization the modified Avrami equation (3)
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Fig. 7. (a) Typical DSC scans for cold-crystallization of plain PLA and all the
nanocomposites at 10°C/min heating rate and (b) crystallization peak temperature
as a function of the heating rate for PLA and all the nanocomposites.

was used. In Fig. 8b typical plots of log{—In(1 - X)} versus log(t)
are shown for the PLA/SiO, samples. Straight lines were obtained
in each cooling rate until approximately 80% relative degree of
crystallinity meaning a secondary nucleation mechanism after that
point. From the slope and intercept of each line n and log(K, ) can be
calculated and the best fitting values for the parameters n and K, are
presented in Table 3. The values of Ky as it was expected increased
with the cooling rate, while n was in the vicinity of 5.9, 5.8, 5.6 and
5.9 for PLA, PLA/SiO;, PLA/MWCNT and PLA/MMT, respectively.

3.3.2. Effective activation energy of cold-crystallization

The effective activation energy of non-isothermal cold-
crystallization was estimated for all samples investigated, accord-
ing to the Friedman’s method and the procedure described in the
melt crystallization section. The effective activation energy, thus
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Fig. 8. (a) Inverse of the half crystallization time as a function of the heating
rate for PLA and all the nanocomposites and (b) Avrami-type plots for the cold-
crystallization of PLA/SiO, nanocomposites at different heating rates.

obtained, was subsequently plotted as a function of the relative
degree of crystallinity, as one can see in Fig. 9a. The effective acti-
vation energy either increases or decreases with Xdepending on the
particular specimen. Moreover, it was observed that the PLA/SiO,
nanocomposites present always higher AE values compared to
other samples. Finally, by taking an average temperature at each
X, the effective activation energy can be plotted as a function of
temperature shown in Fig. 9b. The same tendency is observed, but
it is clear in these plots that crystallization occurred at lower tem-
peratures for PLA/SiO, and PLA/MWCNT and the imperfect crystals
generated at low temperatures as discussed above reduced chain
mobility and thus crystallizability of the PLA matrix. It must be
also noted here that the T in case of PLA/SiO, nanocomposites
increased, showing a reduction in chain mobility, which in turn
is expected to cause an increase in effective activation energy of
cold-crystallization. In contrast, MMT nanoparticles had a smaller

Table 3
Characteristic rate constant, k and exponent, n of the Avrami equation for plain PLA and the nanocomposites.
Heating rate (°C/min) Plain PLA PLA/SiO; PLA/MWCNT PLA/MMT
Ka (min—1) n Ka (min—1) n Ka (min—1) n Ka (min—1) n
2.5 0.4355 4.2 0.2241 5.9 0.2753 5.2 0.2983 5.5
5 0.5041 5.9 0.3661 6.3 0.4046 6.2 0.4561 6.9
7.5 0.6247 6.3 0.5559 5.8 0.7596 4.2 0.6506 5.1
10 0.7761 6.1 0.7559 52 0.8477 4.7 0.8943 52
15 0.9544 6.5 1.0011 5.6 0.8939 6.6 1.0230 6.2
20 1.1246 6.5 1.2174 5.7 0.9232 6.7 1.2502 6.3
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(a) or temperature (b) obtained during cold-crystallization of plain PLA and the
PLASiO,, PLA/MMT and PLA/MWCNT nanocomposites.

size as was reported in the experimental. This might be responsi-
ble for a less significant influence of their addition in PLA matrix on
the crystallization, meaning both effective activation energy and
nucleation activity of the MMT nanoparticles.

3.3.3. Nucleation activity

Moreover, the nucleation activity of foreign substrates in poly-
mer melt was estimated for cold-crystallization using the method
of Dobreva and Gutzow [42], properly modified. Then, ¢ was esti-
mated from Eqgs. (6), (8) and (9), but in place of AT the following
assumption was made: since it is a cold-crystallization the temper-
ature difference of the crystallization temperature from the glass
transition temperature is the determining parameter and not the
difference from the equilibrium melting point of the polymer. Thus,
instead of using the equilibrium melting point the glass transition
temperature for each sample at every cooling rate was used, i.e.
AT, =T, — Tg. Values of Ty for all samples and heating rates appear
in Table 4.

Accordingly, parameters B and B* were obtained from the plots
of In(8) versus I/ATI} for the plain PLA and all PLA nanocomposites
as it can be shown in Fig. 10. Again, very good straight lines were
obtained in every sample (correlation coefficient R>0.998). From
the slopes of these lines, the values of B and B for the plain PLA
and the nanocomposites can be calculated, respectively. Then, the
nucleation activity was computed from Eq. (6) and it is included
in Fig. 10, in comparison to those values obtained from melt crys-
tallization experiments. From these results, it can be seen that the

Table 4
Glass transition temperature (°C) of PLA and all nanocomposites.
Heating rate (°C/min) PLA PLA/SiO, PLA/MMT PLA/MWCNT
25 54.4 55.1 54.9 55.2
5.0 55.1 56.9 55.9 55.8
7.5 56.2 57.8 56.9 56.4
10 56.7 58.1 57.5 56.6
15 57.1 58.6 57.8 56.8
20 57.7 59.0 58.4 57.1
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Fig. 10. Plots of In(B) versus 1/ATP2 for the plain PLA and all PLA nanocomposites.

MMT and silica nanoparticles exhibited the best nucleation effect
on PLA matrix.

3.4. Lauritzen-Hoffman analysis

In the literature it has been proposed that the spherulite growth
rate as a function of temperature and cooling rate in non-isothermal
crystallization can be described by a modified Lauritzen-Hoffman
equation [33,46]. In this study analyze DSC non-isothermal melt
crystallization data were also by this modified model.

According to the secondary nucleation theory of Lauritzen and
Hoffman the spherulitic growth rates can be expressed as: [47]

—U* —K
G=Gy exp | = | ex 7g] 10
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Fig. 11. Lauritzen-Hoffmann plots for neat PLA and the PLA nanocomposites.
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Fig. 12. PLM photographs showing the morphology generated on crystallization from the melt for neat PLA and PLA nanocomposites: (a) PLA 100°C, (b) PLA 120°C, (c)
PLA/MMT 100°C, (d) PLA/MMT 120°C, (e) PLA/MWCNT 120°C, (f) PLA/MWCNT 135 °C, (g) PLA/SiO, 120°C, and (h) PLA/SiO; 130°C.

where, Gy is the pre-exponential factor, the first exponential term
contains the contribution of diffusion process to the growth rate,
while the second exponential term is the contribution of the nucle-
ation process; U denotes the activation energy which characterizes
molecular diffusion across the interfacial boundary between melt
and crystals, usually set equal to 1500 cal/mol and this was the case
in this work and T, is the temperature below which diffusion stops,
usually equal to T, =Ty — 30K; Kg is a nucleation constant and AT
denotes the degree of undercooling (AT = T9, — T¢); fis a correc-
tion factor which is close to unity at high temperatures and is given
asf = 2T, /(T + T.); the equilibrium melting temperature, TS, was
set equal to 207 °C for PLA, while the glass transition temperature
slightly varied for nanocomposites as will be discussed in the next
section [45]. Eq. (10) can be also written as follows:

U* Kg

08 G+ 5 =03RT — 1) — 8 % ~ 33037.(ATY

Plotting the left-hand side of Eq. (11) with respect to 1/(T.(AT)f)
astraightline should appear having a slope equal to K. Fig. 11 gives
the plots for the PLA nanocomposites and neat PLA. These plots can
give K as a slope and the intercept of In Go.

Here, growth rate G, which should be obtained essentially by
the spherulite growth, was calculated by the inverse of crystalliza-
tion half time (t;2) [33]. Thus, the following data are mainly for
the purpose of qualitative comparison between PLA matrix and its
nanocomposites. Actually, this substitution has been widely used
in crystallization study of both the polymers and their composite
systems.

The resulting K, values were 1.32 x 10° for neat PLA, and varied
to 1.2 x 106 for PLA/MWCNT, to 1.47 x 108 for PLA/MMT and finally
to 1.5 x 10% for PLA/SiO, nanocomposites.

Generally, the crystallization of polymers proceeds in three
regimes. In regime I, the crystal growth rate G varies with the sur-
face nucleation rate I (G «i). With an increase in the nucleation rate
(regime II), multiple nucleation occurs on the substrate (G «i!/2),
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In a high-rate nucleating stage (regime III), the mean separation of
nuclei on the substrate approaches the width of molecular stems
(again, G «i). The Lauritzen Z test is usually employed to investi-
gate to which regime the K, data in the selected temperature region
belonged. Z is defined as:

~ 103 L) { *X}
Z=10 (20(0 exp T.AT (12)

where L is the effective lamellar thickness and ag is the chain stem
width. Regime I kinetics are followed if substitution of X=Kj into
Eq. (10) results in Z<0.01. If X=2Kg, Eq. (15) yields Z> 1, and then
regime II are followed. Besides, many researchers have in detail
investigated the temperature region in which regime transition
occurs and it was concluded that, at the T, ranges below and above
120°C, the PLA crystallizes according to regime Il and regime II
kinetics, respectively.

Thus, according to the DSC data showed in Fig. 11, for the neat
PLA and its nanocomposites, the non-isothermal crystallization
from the melt proceeds by regime III kinetics.

For a secondary or heterogeneous nucleation, K can be calcu-
lated from:

nooeboTY,

K = Ahgpekp

(13)
where, nis a constant equal to 4 for regime I and Il and 2 for regime
I, o, oe are the side surface (lateral) and fold surface (end) free
energies which measure the work required to create a new surface,
bo is the single layer thickness, Ah; x pc=AHy is the enthalpy of
melting per unit volume and it was assumed to be 1.1 x 108 J/m3
for PLA and kg is the Boltzmann constant (kg =1.38 x 10~23 J/K).
The resulting value for the product oo. using Kgy was
00¢=20.4 x 10~4J2/m* for neat PLA, 00 = 18.5 x 10~4J%2/m?*in case
of PLA/IMWCNT, o0, =22.7 x 10~4]2/m* in case of PLA/MMT and
00e=23.1 x 1074 ]2/m? in case of PLA/SiO, nanocomposite.

3.5. PLM observations during melt crystallization

PLM was used to directly study morphology of the nanocom-
posites during melt crystallization. Thus thin films were observed
during isothermal crystallization from the melt. As can be seen in
photos of Fig. 12, the nanocomposites showed increased spherulite
sizes compared to neat PLA. Also crystallization was faster at
every temperature. This is due to the heterogeneous nucleation of
nanofillers on polymer matrix [48]. Finally, peculiar morphologies
were observed for the PLA/MWCNT nanocomposite.

3.6. Prediction of the dynamic fragility from glass transition

In this section the dynamic fragility of plain PLA and all
nanocomposites was estimated using thermal methods according
to the procedure reviewed by Crowley and Zografi [49]. Then, at a
single temperature, the fragility parameter, m could be defined by:

Ak 14
= (In 10)RT; (14)

_ dlogt
— d(Tg/T)

m

T=Tg

where 7 is a mean relaxation time given by the following form of
the Vogel-Tammann-Fulcher (VTF) equation [49]:

DT,
T—m) (15)

T="1p exp(

Tg, D and Ty are constants, with D termed the strength parameter,
with a large value (>30) representing ‘strong’ behaviour and low
D value (<10) representing ‘fragile’ behaviour. Parameter D can be
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Fig. 13. Plot of In(3) as a function of 1/Tj.
Table 5
Fragility parameters.
Sample DEr, (Kj/mol) T; (°C) m D
PLA 5254 56.6 83.27 8.76
PLA/SiOy 614.4 58.1 96.94 7.28
PLA/MMT 513.0 57.3 81.13 9.05
PLA/MWCNT 1012.6 56.5 160.52 4.08

calculated by the following Eq. (12) using m,;, = 16 [49]:

2
D (In 10)mz . (16)
m — Mpyjp

In Eq. (10), AET; was assumed equal to the average effective
activation energy AEg. calculated from the variation of Tg with
the heating rate. In order to determine an average effective activa-
tion energy AEqye Moynihan et al. [50] have proposed the use of a
dependence of the T; on the rate of heating or cooling as
AEqye d(In |8])

R~ difTy) (a7

For heating, Eq. (17) is applicable subject to the constraint that
prior to heating the glassy material should be cooled from above
to well below the glass transition region at a rate whose absolute
value is equal to the rate of heating.

From the values of Tgs presented in Table 4 and Eq. (17) the
average effective activation energy was estimated for all samples
from the plots of Fig. 13. The resulted values appear in Table 5. The
fragility, m estimated from Eq. (10) appears also in the same table.
A large m-value indicates rapidly changing dynamics at Tg which
equates to ‘fragile’ behavior. As it can be seen the PLA+ MWCNT
nanocomposites seem to be much more fragile compared to all
other specimens. Furthermore, parameter D was calculated form
Eq. (16) and the values are included in Table 5. All values of D are
lower than 10 meaning a fragile behavior, which however is typical
for polymeric materials.

4. Conclusions

Three different types of PLA nanocomposites were prepared.
Fine dispersion of the nanoparticles was observed from SEM micro-
graphs, while a slight increase in T values was also evidenced
from tan é vs temperature plots after DMA measurements. Further-
more, the nanoparticles showed some nucleation activity referring
to non-isothermal crystallization from the melt or from the glassy
state. On cooling from the melt crystallization was found to start
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at higher temperature in nanocomposites, especially in the pres-
ence of silica nanoparticles or MWCNT. Effective activation energy
was found lower in such cases, after calculations following the
isoconversional method of Friedmann. The method proposed by
Dobreva was applied and it proved some nucleation activity of the
nanofillers. Cold-crystallization was also investigated. However, in
this case crystallization occurred at lower temperatures proving
the nucleation activity of the fillers, but it resulted in formation
of some imperfect crystalline structure which seems to limit the
ultimate crystallinity that could be achieved during the heating
scan in the DSC. The findings were also proved by PLM observa-
tions since the matrix in the nanocomposites could crystallize at
higher temperatures, giving larger spherulites than in neat PLA.
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