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ABSTRACT: Two representative poly(lactic acid) (PLA)
nanocomposites with 1% TiO2 nanowires were prepared
through in situ melt polycondensation and easy solution-
mixing approaches, respectively. The former was denoted
as ISPLANC, and the latter as SMPLANC. The isothermal
crystallization kinetics and melting behaviors of pure PLA,
ISPLANC, and SMPLANC were comparatively investi-
gated by differential scanning calorimetry in the tempera-
ture range of 80–115�C. Maximum crystallization growth
rate (Gexp) was observed at 100�C for all three samples.
The well dispersed TiO2 nanowires acted as effective
nucleation agents in ISPLANC, which exhibited much
higher Gexp in compared to pure PLA and SMPLANC
below 110�C. However, much smaller crystallization en-
thalpy of ISPLANC was obtained because of its restricted

chain mobility in forming crystalline lamellar. The crystal-
lization behavior of all three samples fit the Avrami equa-
tion quite well, with most of the R2 values larger than
0.9990. Double-melting behaviors were observed after
heating the samples after isothermal crystallization at vari-
ous temperatures, which was explained by the melt recrys-
tallization of the smaller and imperfect crystals formed at
lower isothermal crystallization temperatures. We also
obtained the equilibrium melting temperatures of the three
samples by carrying out Hoffman–Weeks plots. VC 2011
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INTRODUCTION

Poly(lactic acid) (PLA) is a biodegradable polymer
derived from renewable resources such as corn
starch, sugar beets, cellulosic materials, etc. It is a
most promising environmental-friendly thermoplas-
tic that has potential applications in service utensils,
packaging materials, appliance components, textiles,
films, and biomedical materials.1,2 In recent years,
PLA nanocomposites have been intensively studied
to improve PLA properties. Nanoparticles including
carbon nanotubes, layered silicates or clays, and
silica have been investigated widely to enhance the
physical, thermal, and mechanical properties of pris-
tine PLA.3–7 PLA nanocomposites with nanoparticles
such as graphite, polyhedral oligomeric silsesquiox-

ane, TiO2, MgO, hydroxyapatite, etc., also have been
reported.8–12

In addition to the dispersion of nanoparticles in
the PLA matrix and interfacial interaction between
these two phases, the crystalline properties and
melting behaviors of the PLA matrix and the effect
of nanoparticles on them are of great importance for
the properties and end use of PLA nanocomposites.
For PLA and its nanocomposites prepared via melt
polycondensation, a subsequent solid-state polymer-
ization (SSP) is often necessary to increase further
the molecular weight.13–15 SSP process was usually
conducted between the crystallization temperature
and melting temperature of the polymer. The poly-
mer tails and catalysts could be concentrated in the
amorphous parts by the polymer crystallization to
induce the molecular jump by polymer coupling.14,15

Therefore, a thorough understanding of the crystalli-
zation kinetics and melting behaviors of PLA nano-
composites is crucial in the effort to optimize SSP
process conditions and control of molecular weight
of the final products. Additionally, control of crystal-
lization factors allows for the design of polymeric
materials with desirable properties.16,17 The rate of
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hydrolytic degradation of PLA also has been
reported to be strongly affected by the degree of
crystallinity.18,19 Therefore, the crystalline lamellar
organization of PLA plays an important role for con-
trolling its degradation. Recent studies have exam-
ined the crystallization kinetics of PLA and its nano-
composites,20–22 and the overall crystallization rate
or crystallinity of PLA has been increased with the
incorporation of various nanoparticles.21–23

In a previous study, we prepared PLA nanocom-
posites with TiO2 nanowires through an in situ melt
polycondensation approach.24 PLA chains were co-
valently bonded to the nanowire surface through the
bidentate coordination between Ti atoms and the
carboxyl groups of lactic acid, and the resultant
nanocomposites showed a satisfactory dispersion of
nanowires and interfacial interaction. Significantly
improved glass transition temperature and thermal
stability were observed for the bonded PLA chains.24

In this study, we will report the isothermal crystalli-
zation kinetics and melting behaviors of such nano-
composites and pure PLA. For comparison purposes,
the nanocomposites prepared by easy solution-mix-
ing of PLA and TiO2 nanowires also were studied
and reported.

EXPERIMENTAL

Materials

TiO2 nanowires were synthesized in our lab follow-
ing previously described procedures.25 Briefly, 0.1 g
TiO2 nanopowders were placed into a Teflon-lined
autoclave of 50 mL capacity. It was then filled with
40 mL 10M NaOH aqueous solution, sealed into a
stainless steel tank and maintained at 200�C for 24 h
without stirring. After cooling down, the sample
was washed with 1M aqueous HCl solution, deion-
ized water, and absolute ethanol several times and
dried at 80�C for 12 h. Finally, we obtained soft fi-
brous TiO2 nanowires with white color. Pure PLA
and in situ polymerized PLA/1% TiO2 nanowire
nanocomposites were prepared via melt polyconden-
sation of L-lactic acid without and with TiO2 nano-
wires, respectively, as reported previously.24 A
determined amount of TiO2 nanowires were added
to a 90 wt % aqueous solution of L-lactic acid and
ultrasonically treated for 30 min. The mixture was
first subjected to a dehydration/oligomerization pro-
cess at 110–150�C for 9 h at reduced pressure, and
then melt polycondensation was conducted at 180�C
for 10 h at 10 Torr with SnCl2�H2O and p-toluenesul-
fonic acid monohydrate as binary catalysts. The
weight-average molecular weights of the pure PLA
and the nanocomposites were 63,000 and 66,000
(based on polystyrene standard), respectively, with

polydispersity of about 2. Chloroform was pur-
chased from Fisher Scientific.

Preparation of nanocomposite films

The solution-mixing PLA/1% TiO2 nanowire nano-
composites were prepared by using the solution-
intercalation film-casting technique as follows: 0.02 g
of TiO2 nanowires was added to 20 mL chloroform,
and the mixture was sonicated for 30 min to achieve
a uniform dispersion. Meanwhile, 2 g of synthesized
pure PLA was completely dissolved in 20 mL chlo-
roform. The PLA solution and nanowire dispersion
were stirred for 1 h and sonicated for 1 h. The mix-
ture was cast on a Petri dish at room temperature,
kept in a fume hood with controlled evaporation of
the solvent for 1 week, then dried in a vacuum oven
for 24 h at 80�C to evaporate any residual solvent.
Eventually, the solution-mixing nanocomposite
(SMPLANC) film was obtained. Pure PLA and in
situ polymerized nanocomposites (ISPLANC) also
were dissolved in chloroform, and films were
obtained similarly. The crystallization and melting
behaviors of these three types of samples (PLA,
ISPLANC, and SMPLANC) were compared. All the
samples for microscopy and crystallization studies
were cut from these cast films.

Optical microscopy

The dispersion of TiO2 nanowires in the ISPLANC
and SMPLANC films was examined with an Olym-
pus BX50 microscope. The images were captured
with a Nikon Digital Camera DXM 1200F using
Nikon ACT-1 version 2.62 software.

Differential scanning calorimetry analysis

The isothermal crystallization and melting behaviors
of PLA, ISPLANC, and SMPLANC were studied
with a TA differential scanning calorimetry (DSC)
Q200 instrument under a nitrogen atmosphere. The
DSC instrument was calibrated using the melting
temperature and enthalpy of indium. The sample
films were weighed (around 8 mg) in a standard
aluminum pan and sealed. An empty sealed pan
was used as a reference. For crystallization charac-
terization, a sample was heated from 0 to 190�C at a
rate of 10 �C/min, and maintained at 190�C for 5
min. Subsequently, it was rapidly cooled (� 60 �C/
min) to the isothermal crystallization temperature
(Tc). Tc for the samples ranged from 80 to 115�C at
5�C intervals; samples were held at each Tc for 30–50
min, allowing complete crystallization. To observe
melting behavior, the completely crystallized sample
was reheated from Tc to 190�C at a rate of 10 �C/
min. Heat of melting (DHm) and melting temperature
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(Tm) were determined from the DSC thermograms.
Crystallinity (Xm) was estimated according to the fol-
lowing eq. (1):

Xm ¼ DHm

DH0 � XPLA
(1)

where DHm and DH0 are heats of melting (J/g) of
the measured sample and of PLA crystals of infinite
size with a value of 93.6 J/g,26 respectively, and
XPLA is the PLA fraction in the sample (XPLA ¼ 1 for
PLA, and XPLA ¼ 0.99 for ISPLANC and
SMPLANC).

RESULTS AND DISCUSSION

Morphology

The image of synthesized TiO2 nanowires was
reported in our previous article.24 The diameter was
� 50–200 nm and length from a few micrometers to
� 20 lm. Figure 1 shows the microscopy images of
ISPLANC (A) and SMPLANC (B) films. No nano-
wire aggregate was observed for ISPLANC film. The
individual nanowires were distributed homogene-
ously throughout the polymer matrix, indicating that
in situ polymerization was an effective approach to
achieve nanocomposites with uniform distributions.
Because of the ease of dispersion of TiO2 nanowires
in the aqueous L-lactic acid monomer and in situ
grafting of lactic acid oligomer on to the surface of
nanowires, the nanowires could be well dispersed in
the PLA matrix. However, for the nanocomposites
prepared by easy solution-mixing of PLA and TiO2

nanowires (SMPLANC), severe aggregation of TiO2

nanowires occurred because of the hydrophilic na-
ture and high surface area of nanowires.

Isothermal crystallization behavior

Figure 2(A–C) shows the DSC thermograms of PLA,
ISPLANC, and SMPLANC at Tc’s from 80 to 115�C.
Generally, the Tc is chosen in the range between the
glass transition temperature (Tg) and equilibrium
melting temperature (T0

m), at which temperature
polymer can crystallize. The T0

m will be discussed in
the next section. When the melted semicrystalline
polymer is cooled down and maintained at Tc, its
crystallization rate depends on its degree of super-
cooling (i.e., DT ¼ T0

m � Tc).
27 Shortest crystallization

peak time was noticed at Tc of 100
�C for all the sam-

ples. Upon increasing or decreasing Tc beyond
100�C in the investigated temperature range, the iso-
thermal crystallization peaks became broader; there-
fore, the time required for the complete crystalliza-
tion became longer. Furthermore, ISPLANC
exhibited a much narrower crystallization peak with
lower peak position at each Tc compared with pure
PLA and SMPLANC, which will be discussed later
as crystallization half-time and crystallization
growth rate.
Based on the samples’ DSC exotherms in terms of

the heat flow per gram of the sample (dH/dt) as a
function of crystallization time, t, we plotted the rel-
ative crystallinity, a(t), as a function of t (Fig. 3A–C).
The relative crystallinity is defined as follows:

aðtÞ ¼ DHðtÞ
DH1

(2)

where DH(t) is the enthalpy of isothermal crystalliza-
tion at time t [eq. (3)] and DH1 is the value after
complete crystallization [eq. (4)]. In this study, DH1
is the total area under the crystallization curve, as
listed in Table I.

Figure 1 Microscope images of PLA nanocomposite films (A: ISPLANC; B: SMPLANC). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2 Isothermal crystallization thermograms of PLA
(A) and its nanocomposites (B: ISPLANC; C: SMPLANC)
at various temperatures.

Figure 3 Relative crystallinity as a function of isothermal
crystallization time for PLA (A) and its nanocomposites
(B: ISPLANC; C: SMPLANC) at various temperatures.
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DHðtÞ ¼
Z t

0

dH

dt

8>:
9>;dt (3)

DH1 ¼
Z 1

0

dH

dt

8>:
9>;dt (4)

All the a(t) versus t plots exhibited similar sigmoidal
profiles. A relevant kinetic characterization, obtained
by the intersection of the a(t) versus t plots and the

horizontal line at a(t) ¼ 0.5, as shown in Figure 3(A–
C), is the experimental crystallization half-time
(t0.5exp). The t0.5exp corresponds to the time necessary
for the sample to reach 50% of its maximum crystal-
linity. The reciprocal value of t0.5 exp is assumed to
be equal to the experimental crystallization growth
rate (Gexp). Table I summarizes the t0.5exp and Gexp

values as derived from Figure 3. The change of Gexp

as a function of Tc was plotted in Figure 4 to pro-
vide a better visualization. Increasing the crystalliza-
tion temperature for each sample initially caused
Gexp values to increase and then to decrease. Such
behavior is common for polymers due to the balance
between two opposing effects on the crystalliza-
tion.28 As Tc decreases and approaches Tg, the crys-
tallization growth rate is greatly retarded by the
significant decrease in chain mobility. When Tc

increases and approaches the T0
m, although chain

mobility increases, it is overcome by the great
decrease of the formed nucleation density, and the
crystallization growth rate decreases at low degrees
of supercooling (i.e., smaller DT).
The minimum t0.5 exp was observed at 100�C for

both PLA and nanocomposites, with t0.5exp of 9.0
min and Gexp of 0.11 min�1 for PLA, t0.5exp of 6.1
min and Gexp of 0.16 min�1 for ISPLANC, and t0.5exp
of 9.8 and Gexp of 0.10 min�1 for SMPLANC. The
Gexp of ISPLANC was much higher than that of
pure PLA at Tc below 110�C because of the nuclea-
tion effects of TiO2 nanowires. At Tc above 110�C,
the Gexp of ISPLANC decreased faster than that of

TABLE I
Summary of Isothermal Crystallization Data of PLA and its Nanocomposites (ISPLANC and SMPLANC)

Sample Tc (
�C) DH1 (J/g) t0.5exp (min) Gexp (min�1) K (min�1) n nave R2 t0.5cal (min) Gcal (min�1)

PLA 80 23.9 33.1 3.02E�02 1.97E�07 4.31 3.52 0.9992 33.0 3.03E�02
85 25.5 18.2 5.49E�02 2.35E�05 3.54 0.9999 18.3 5.46E�02
90 28.1 12.6 7.92E�02 9.33E�05 3.51 0.9998 12.7 7.89E�02
95 30.6 9.5 1.06E�01 3.82E�04 3.34 0.9999 9.5 1.06E�01

100 32.5 9.0 1.11E�01 4.95E�04 3.29 0.9997 9.0 1.11E�01
105 36.1 11.6 8.59E�02 8.96E�05 3.65 0.9999 11.6 8.60E�02
110 37.7 11.7 8.55E�02 1.27E�04 3.50 0.9999 11.7 8.56E�02
115 32.8 19.8 5.05E�02 8.27E�05 3.01 0.9965 20.1 4.97E�02

ISPLANC 80 14.3 18.3 5.46E�02 6.24E�08 5.58 4.34 0.9982 18.3 5.46E�02
85 15.6 9.6 1.04E�01 2.10E�05 4.60 0.9992 9.6 1.04E�01
90 17.2 6.3 1.58E�01 1.92E�04 4.43 0.9997 6.4 1.57E�01
95 19.5 6.6 1.53E�01 2.10E�04 4.31 0.9999 6.6 1.53E�01

100 21.6 6.1 1.64E�01 2.29E�04 4.43 0.9995 6.1 1.64E�01
105 21.0 10.4 9.64E�02 1.00E�04 3.78 0.9992 10.4 9.64E�02
110 24.2 9.2 1.09E�01 1.14E�04 3.93 0.9992 9.2 1.09E�01
115 26.2 25.1 3.99E�02 5.56E�06 3.63 0.9942 25.3 3.95E�02

SMPLANC 80 21.0 19.0 5.26E�02 7.37E�07 4.70 3.62 0.9971 18.7 5.36E�02
85 25.2 12.0 8.35E�02 5.27E�05 3.82 0.9997 12.0 8.35E�02
90 28.0 11.4 8.75E�02 1.20E�04 3.55 0.9993 11.5 8.71E�02
95 30.4 11.9 8.41E�02 1.03E�04 3.56 0.9995 11.9 8.41E�02

100 31.6 9.8 1.02E�01 3.35E�04 3.34 0.9998 9.8 1.02E�01
105 33.4 15.6 6.42E�02 3.26E�05 3.63 0.9999 15.6 6.43E�02
110 34.8 11.6 8.65E�02 4.26E�04 3.02 0.9999 11.6 8.65E�02
115 35.8 23.1 4.34E�02 2.04E�05 3.32 0.9998 23.2 4.32E�02

Figure 4 Experimental (Gexp) and calculated (Gcal) crys-
tallization rate of PLA and its nanocomposites (ISPLANC
and SMPLANC) as a function of temperatures. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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pure PLA; at 115�C it was even lower. This can be
explained by its much lower T0

m (161.7�C) than that
of pure PLA (188.4�C). At the same Tc, the ISPLANC
system was subjected to more decrease of formed
nucleation density because of its lower degree of
supercooling than pure PLA. As a result, its crystal-
lization growth rate decreased.

The Gexp of SMPLANC was larger than that of pure
PLA at Tc of 90�C and below, but smaller at Tc of
95�C and above. Polymer crystallization generally
involves nucleation and crystalline growth processes.
At lower Tc, the TiO2 nanowires acted as additional
nucleation sites in the SMPLANC system compared
with pure PLA, and nucleation was the dominant fac-
tor in determining the Gexp. While at higher Tc, due to
the high concentration and poor dispersion of nano-
wires in the SMPLANC system, the mobility of PLA
chains was restricted and the crystalline growth pro-
cess was retarded. Furthermore, the effect of TiO2

nanowires on PLA crystallization in SMPLANC sys-
tem was much less obvious than that in ISPLANC
system. The nanocomposites prepared through solu-
tion mixing did not have strong interfacial interaction
between PLA matrix and TiO2 nanowires, and the
dispersion of TiO2 nanowires was not satisfying.
Therefore, the effect of TiO2 nanowires on the crystal-
lization of surrounding PLA chains for SMPLANC
became less significant. Although ISPLANC crystal-
lized more rapidly than pure PLA and SMPLANC, its
crystallization enthalpy (DH1) was much smaller at
each Tc (Table I) because of its restricted chain mobil-
ity in forming crystalline lamellar.

Avrami analysis is the most popular and easiest
methodology to achieve relevant parameters for
characterizing the crystallization kinetics of poly-
mers.29 The fundamental Avrami equation [eq. (5)]
below was used to analyze the increase of the rela-
tive crystallinity with time30–32:

aðtÞ ¼ 1� expð�ktnÞ (5)

where k is the Avrami rate constant and n is the
Avrami exponent. The values of k and n are diag-
nostic of the crystallization mechanism. They are
related to the crystallization half-time and to the
type of nucleation together with the geometry of the
crystal growth, respectively.

Applying the natural logarithmic properties to
both sides of eq. (5), obtains the following equation:

lnð� lnð1� aðtÞÞÞ ¼ lnðkÞ þ n lnðtÞ (6)

This equation was used to construct the Avrami fit
plots as shown in Figure 5(A–C) to calculate the k
and n. The experimental data was also drawn as
scatter plots in Figure 5(A–C). Because the Avrami
equation rarely describes the whole conversion

Figure 5 Avrami analysis of the isothermal crystallization
data of PLA (A) and its nanocomposites (B: ISPLANC; C:
SMPLANC) at various temperatures. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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process, we drawn only the plots for a(t) from 0.03
to 0.8 based on the literature.33 If the experimental
data obey the Avrami theory, the Avrami fitting
lines should fit the experimental data quite well,
yielding ln(k) as an intercept and n as a slope. The

Avrami constants k and n and correlation coefficient
of the fit R2 were summarized in Table I. Most of
the R2 values were larger than 0.9990, indicating a
very good Avrami fit of the data.33

The Avrami exponent n differed from sample to
sample, and it also varied with Tc. The average n
value of 3.5–3.6 in the Tc range evaluated for PLA
and SMPLANC indicated that the crystal growing
mechanism was intermediate between the instanta-
neous (n ¼ 3) and sporadic (n ¼ 4) types of nuclea-
tion, and the growing of spherulites was three-
dimentional.16 The average n value of ISPLANC was
4.3, which can be theoretically explained by the
introduction of a nucleation index m (m ¼ n � 4).29

The values of m between 0 and 1 indicated that the
nature of the nucleation rate increased with time
with sporadic nucleation mechanism during crystal-
lization process. The n values can be affected by
many factors, such as the mechanism of nucleation,
nucleation density, the form of crystalline growth,
restriction of crystalline formation due to surround-
ing fillers, and even the detecting techniques used.
PLA n values in the range of 2–5.4 have been
reported.16,34–36 The rate constant k is determined by
the balance of two factors, the rate of nucleation and
the crystalline growth. The former increases with
supercooling, but the latter decreases; consequently,
a maximum value of k exists at a given supercool-
ing. As shown in Table I, for all the samples, the k
values first increased as Tc increased and then
decreased generally, similar to the tendency of Gexp.
To further confirm whether the crystallization of

PLA and nanocomposites follows the Avrami model,
the crystallization half-time values also were calcu-
lated from the knowledge on k and n as follows27:

Gcal ¼ 1

t0:5cal
¼ 1

ðln 2
k Þ

1
n

where t0.5cal is the calculated crystallization half-time
and Gcal is the calculated crystallization rate, which
are shown in Table I. Figure 4 illustrates the compar-
ison between the isothermal crystallization rate as
calculated from the Avrami parameters and the
same kinetic parameter as directly derived from the
experimental relative crystallinity data. The agree-
ment observed between the two series of data
revealed that the crystallization kinetics of all the
samples followed the Avrami model.

Melting behaviors

The melting thermograms of PLA and its nanocom-
posites (ISPLANC and SMPLANC) after isothermal
crystallization at various Tc’s are presented in Figure
6(A–C), and the data are summarized in Table II. All

Figure 6 DSC melting thermograms of PLA (A) and its
nanocomposites (B: ISPLANC; C: SMPLANC) after isother-
mal crystallization at various temperatures.
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the samples exhibited double-melting behaviors,
except for ISPLANC after isothermal crystallization
at Tc of 115�C. L and H are used for the names of
the low-temperature and high-temperature melting
peaks. On the basis of this notation, the peak melt-
ing temperatures of L and H are denoted as Tm(L)
and Tm(H), respectively. For both PLA and nano-
composites, the area of L increased with increasing
Tc, whereas the area of H decreased. In other words,
the ratio of peak area of H to that of L was depend-
ent on Tc, which could be explained by the melt-
recrystallization model.37,38 The melt-recrystallization
model suggests that small and imperfect crystals
change successively into more stable crystals
through the melt-recrystallization mechanism. That
is, the melting and recrystallization are competitive
in the heating process.38 When the samples were
crystallized at lower Tc’s, the mobility of polymer
chains was restricted, resulting in smaller crystallite
structures and more defect-ridden crystalline lamel-
lar. Such crystals recrystallized in the melt-recrystal-
lization process during heating, leading to a higher
melting peak. While at higher Tc’s, forming more
perfect and larger crystal lamellae were easier, and
therefore it was more difficult for the recrystalliza-
tion process to occur. As a result, the area of peak H
became smaller or even disappeared for the samples
crystallized at higher Tc. In summary, peak H is a

result of the melting of the crystallites recrystallized
during the heating process, whereas peak L refers to
the melting of the primary crystallites formed during
the isothermal crystallization process.
As shown in Table II, the heat of melting (DHm)

and crystallinity (Xm) of PLA and nanocomposites
also are affected by Tc. The Xm of PLA and nano-
composites increased in general as the Tc increased
in the evaluated temperature range. This is because
additional crystallization occurred during isothermal
crystallization at higher Tc, corresponding to the
higher DH1 as reported in Table I. The much lower
Xm in the ISPLANC compared with pure PLA was
due to the inability of polymer chains to be incorpo-
rated fully into growing crystalline lamella. In other
words, the presence of high concentrations of dis-
persed TiO2 nanowires and strong covalent bonding
between nanowire surface and PLA chains pre-
vented large crystalline domains from forming due
to limited space and restricted mobility imposed on
PLA chains. SMPLANC also exhibited lower Xm

compared with pure PLA, but to a much smaller
extent than ISPLANC. As expected, the nanocompo-
sites prepared through solution mixing did not
have strong interfacial interaction between PLA ma-
trix and TiO2 nanowires. Because of the lack of effi-
cient interfacial interaction and homogeneous dis-
persion of nanowires, the effect of nanowires on the
mobility of PLA chains in forming crystalline lamel-
lar was expected to be much smaller compared
with ISPLANC. Decreased crystallinity also was
reported for other PLA nanocomposites in the
literature.6,11,17

TABLE II
Melting Parameters of PLA and its Nanocomposites

(ISPLANC and SMPLANC) Derived from DSC Melting
Thermograms After Isothermal Crystallization at Various

Temperatures

Sample Tc (
�C) Tm(L) (

�C) Tm(H) (�C) DHm (J/g) Xm

PLA 80 135.8 155.4 36.6 0.39
85 143.1 155.3 37.2 0.40
90 143.1 157.8 40.4 0.43
95 147.2 158.9 41.9 0.45

100 151.2 160.2 43.3 0.46
105 151.4 159.2 43.7 0.47
110 154.4 160.7 45.8 0.49
115 150.9 156.4 43.9 0.47

ISPLANC 80 133.3 146.4 20.2 0.22
85 134.4 147.0 21.4 0.23
90 136.2 147.5 22.0 0.24
95 137.9 148.2 23.5 0.25

100 141.0 149.6 25.1 0.27
105 140.9 148.7 23.9 0.26
110 145.4 151.3 27.5 0.30
115 144.1 144.1 30.5 0.33

SMPLANC 80 134.6 155.6 35.5 0.38
85 143.5 156.2 35.5 0.38
90 145.7 156.9 36.9 0.40
95 148.5 158.4 39.1 0.42

100 151.5 160.5 41.8 0.45
105 150.0 158.2 40.0 0.43
110 155.2 161.1 45.5 0.49
115 150.9 156.9 40.9 0.44

Figure 7 Melting temperatures of PLA and its nanocom-
posites as a function of isothermal crystallization tempera-
ture and Hoffman–Weeks analysis. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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The values of Tm(L) and Tm(H) of PLA and its
nanocomposites are plotted as a function of Tc in
Figure 7. As can be observed clearly, Tm(L) increased
continuously with increasing Tc in the evaluated
temperature range, whereas Tm(H) remained almost
unchanged. Increased Tm(L) indicated that the per-
fection and thickness of the growing PLA lamella
crystals increased at higher Tc’s.

20 PLA and
SMPLANC exhibited nearly the same Tm(L) and
Tm(H) at each Tc, whereas melting temperatures in
the case of ISPLANC were much lower, suggesting
thinner lamella crystals or defective crystalline
regions in the nanocomposites in the presence of
well dispersed TiO2 nanowires. Many works on
nanocomposites report a decrease of melting temper-
ature compared with pristine polymers.6,11,39,40 Two
possible reasons explain the decreased melting tem-
peratures of nanocomposites: One is that the mobil-
ity of polymer chains is greatly restricted by the
nanoparticles in forming perfect and larger crystal-
line lamellar. Another is that the presence of the
nanoparticles increases greatly the nucleation rate,
whose characteristic time is much lower than the
time required for chain disentanglement, thus disal-
lowing the growth of well developed lamellar
crystals.40

The equilibrium melting temperature can be meas-
ured by isothermal crystallization at various temper-
atures by carrying out a Hoffman–Weeks plot.41,42

By fitting the data points of Tm(L) to a straight line
(Hoffman–Weeks plot) and extrapolating it to Tm ¼
Tc, the T0

m was determined (Fig. 7). PLA and
SMPLANC showed the same T0

m of 188.4�C, whereas
the T0

m of ISPLANC was much lower, only 161.7�C.
The explanation for the T0

m reduction of ISPLANC
was similar to that described above for melting
temperatures.

CONCLUSIONS

In situ polymerization was a more effective approach
than solution mixing in preparing PLA/TiO2 nano-
wires nanocomposites. Crystallization growth rate
first increased then decreased in the temperature
range of 80–115�C, with maximum Gexp observed at
100�C. The TiO2 nanowires acted as nucleation
agents in the ISPLANC, which exhibited much
higher Gexp than either pure PLA or SMPLANC
below 110�C. But the ISPLANC had much smaller
crystallization enthalpy at each Tc because of its
restricted chain mobility in forming crystalline
lamellar. The crystallization behavior of all the three
samples fit the Avrami equation quite well. Double-
melting behaviors were observed. The overall crys-
tallinity of both PLA and nanocomposites increased
in general as Tc increased in the evaluated tempera-
ture range. Equilibrium melting temperature of the

ISPLANC was 161.7�C, and that of the SMPLANC
was 188.4�C, same as PLA. The knowledge obtained
about crystallization kinetics and melting behaviors
of PLA and its nanocomposites could be useful
references for optimizing the SSP process and
designing PLA thermoplastics with desirable
properties.
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