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a  b  s  t  r  a  c  t

Poly(l-lactide)/graphene  oxides  (PLLA/GOs)  composites  containing  different  concentrations  of  GOs  were
prepared.  Polarized  optical  microscope  (POM)  was used  to  characterize  the  isothermal  crystallization
morphologies  of  both  neat  PLLA  and  PLLA/GOs  composites.  Differential  scanning  calorimetry  (DSC)  was
used to  investigate  the  isothermal  and nonisothermal  crystallization  and  subsequent  melting  behaviors  of
the PLLA  in  different  samples.  Our  results  showed  that  GOs  exhibited  great  role in improving  the  crystal-
lization  ability  of  the  PLLA.  During  the isothermal  crystallization  process,  addition  of  the  only  0.1  wt%  GOs
accelerated  the  crystallization  of  the PLLA  greatly.  However,  further  increasing  the  concentration  of the
GOs  was  unfavorable  for  the  crystallites  perfection  of  the  PLLA  matrix,  resulting  in the  decrease  of  equi-
elting behavior librium  melting  point  accordingly.  During  the nonisothermal  crystallization  process,  the  crystallization
behavior  of  the PLLA  was found  to be greatly  dependent  upon  both  the cooling  rates  and  the  concentra-
tion  of  the  GOs.  The  corresponding  crystallization  kinetics  was  investigated  and  analyzed.  Interestingly,
it  was  observed  that  even  if the cooling  rate  was  increased  up  to 10 ◦C/min,  the  composites  with  high
concentration  of  the  GOs  still  show  high  crystallinity.  This  is  very  significant  from  a  viewpoint  of  whether

cienc
enhancing  processing  effi

. Introduction

Composites based on poly(l-lactide) (PLLA) attract much
ttention of many researchers because they exhibit interesting per-
ormance compared with neat PLLA. For example, with the presence
f carbon nanotubes (CNTs) [1], exfoliated graphite [2] or silica
SiO2) [3] in the PLLA matrix, largely improved thermal stability can
e achieved for the composites. To improve the hydrolytic degra-
ation ability of the PLLA, fillers such as clay or montmorillonite
MMT)  [4], titanium dioxide (TiO2) [5], CNTs [6–8] can be used.
f conductive fillers such as CNTs and exfoliate graphite [2,9] are
dded, the PLLA composites also exhibit enhanced electrical con-
uctivity. The high gas permeability of the PLLA can be decreased by
dding MMT  and graphene nanoplatelets [10,11] which have two
imensional sheet structure and increase the pathway length of gas
olecules in the composites. Furthermore, improved mechanical

roperties of the PLLA composites can also be achieved [12–14].
Besides the above mentions, the crystallization improvement

f the PLLA matrix induced by fillers is one of the most important

spects. On one hand, crystalline structures including the degree
f crystallinity (Xc) and the crystal form of the PLLA matrix greatly
nfluence the thermal properties, mechanical properties, hydrolytic

∗ Corresponding author. Tel.: +86 28 87603042.
E-mail address: yongwang1976@163.com (Y. Wang).

040-6031/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.tca.2013.05.018
y  or preparing  new  PLLA  material  with  excellent  physical  properties.
© 2013 Elsevier B.V. All rights reserved.

degradation ability and gas permeability of articles [6,10,15–18];
on the other hand, from a viewpoint of processing, improved crys-
tallization ability of the PLLA matrix facilitates the enhancement of
processing efficiency [19]. For PLLA, it is very difficult to crystallize
during the common processing ways and usually it is in the amor-
phous state. Therefore, improving the crystallization ability of the
PLLA as much as possible through adding fillers becomes very sig-
nificant. In this condition, fillers exhibit a role of nucleating agent to
reduce the nucleation activation energy and increase the nucleation
density of the PLLA matrix during the crystallization process.

However, the crystallization improvement of the PLLA matrix
is proved to be dependent upon the type of fillers. For example,
Hwang et al. [20] studied the nonisothermal crystallization of
the PLLA containing organically modified MMT  (OMMT) and
found that even if the content of the OMMT was increased from
2.0 to 10.0 wt%, the crystallization temperature (Tc) was only
enhanced from 113.4 to 114.9 ◦C. Huang et al. [21] investigated
the nonisothermal crystallization behavior of PLLA with nano-
and micro-scale SiO2 and found that the nanoscale SiO2 particles
promoted the heterogeneous nucleation to increase crystallization,
but microscale one formed hindrance to retard crystallization. Pan
et al. [22] introduced layered double hydroxides into the PLLA and

found that although the crystallization rate of the PLLA was greatly
enhanced, the Tc of matrix was  not influenced apparently during
the nonisothermal crystallization process. Due to their relatively
larger specific area, CNTs have been proved to be a very efficient

dx.doi.org/10.1016/j.tca.2013.05.018
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:yongwang1976@163.com
dx.doi.org/10.1016/j.tca.2013.05.018
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Table 1
Sample notation and the compositions of the composites.

Samples Weight fraction
of GOs (%)

Corresponding volume
fraction of GOs (%)

PLLA 0.0 0.00
PLLA/0.1GOs 0.1 0.06
8 H.-m. Chen et al. / Thermo

ucleating agent for most of semicrystalline polymers. Hence,
he effect of CNTs on crystallization behavior of the PLLA has also
een widely investigated [23]. Similarly, the crystallization of the
LLA in the PLLA/CNTs composites is also dependent upon the
ispersion state [24], the surface modification method [25–27]
nd the content of the CNTs [8,28,29]. Specifically, relatively high
ontent of CNTs retards the crystallization of the PLLA matrix,
eading to the decrease of Tc due to that the CNTs network structure
revents the growth of the PLLA crystallites [28].

As one of the new fillers developed in recent years, GOs attract
uch attention of many researchers due to that GOs exhibit many

ntriguing features. On one hand, they have the similar chemi-
al structure to modified CNTs; on the other hand, the functional
roups on the surface of the GOs facilitate the good dispersion
f the GOs in the polar polymer matrix. Therefore, adding GOs
nto the PLLA is also interesting and needs to be investigated in
etail. For example, Pinto et al. found that the incorporation of the
Os significantly improved the mechanical properties and reduced
as permeability of the PLLA/GOs film toward oxygen and nitro-
en [11]. Shen introduced thermal reduced GOs into the PLLA and
ound that the composites exhibited excellent electrical conduc-
ivity [30]. However, many researches still focus on the role of the
Os in improving the crystallization ability of the PLLA matrix. For
xample, Sun and He [31] found that the incorporation of the GOs
eaded to lower crystallization activation energy of stereocomplex
nd higher crystallinity in the PLLA/GOs composites. Furthermore,
t was proved that the heterogeneous nucleation effect of the GOs

as dependent on the crystallization conditions. Pinto et al. [11]
lso found that the incorporation of 0.4 wt% GOs induced the cold
rystallization of solution casting the PLLA/GOs sample during the
SC heating process, while no crystallization was detected for the
ure PLLA sample. More detailed work about the crystallization of
he PLLA/GOs composites has been done by Wang and Qiu [32,33].
n their work, they proved that the incorporation of the GOs not only
mproved the cold crystallization of the PLLA from the amorphous
tate, leading to the decrease of cold crystallization temperature
ith increasing the GOs concentration relative to neat PLLA despite
eating rate, but also improved the melt crystallization ability dur-

ng the isothermal crystallization process. Specifically, they proved
hat the GOs concentration exhibited great effect during the crys-
allization process, both the nonisothermal crystallization peak
emperature and the overall isothermal melt crystallization rate
f the PLLA matrix first increased and then decreased with the
ncrease of the GOs concentration from 0.5 to 2.0 wt%.

Although some work has been carried out to understand the
rystallization improvement of the PLLA with the incorporation
f the GOs, much work still needs to be done to further under-
tand the crystallization kinetics of the PLLA/GOs composites under
he different crystallization conditions. Specifically, less work has
een done to explore the relationship between the crystallization
ehaviors and the subsequent melting behaviors of the PLLA/GOs
omposites. Therefore, in this work, we attempted to investigate
he isothermal and nonisothermal crystallization kinetics of the
LLA/GOs composites with the variation of the GOs concentration
rom 0.1 to 2.0 wt%. The melting behaviors of different compos-
tes obtained through different crystallization processes were also
nvestigated in detail.

. Experimental

.1. Materials
PLLA (2002D, with d-isomer content of 4.3%, molecular weight
Mw) of 2.53 × 105 g/mol, melt flow rate (MFR) of 4–8 g/10 min
190 ◦C/2.16 kg) and density of 1.24 g/cm3) was purchased from
PLLA/0.5GOs 0.5 0.31
PLLA/1GOs 1.0 0.62
PLLA/2GOs 2.0 1.24

NatureWorks®, USA. Graphite was  obtained from Qingdao Heilong
Graphite Co., Ltd.

2.2. Sample preparation

GOs were prepared in our laboratory according to Hummer’s
method [34] and the corresponding data of the GOs can be seen
in our previous work [35]. After the modification, some functional
groups including carboxyl and hydroxyl groups were introduced to
the surface of the GOs. The weight fraction of functional groups of
the GOs was  about 34.59% measured by thermogravimetric analy-
sis.

To insure the good dispersion of the GOs in the PLLA matrix,
samples were prepared through a so called master batch dilution
method. First, GOs and PLLA were dissolved in the dimethylform-
amide (DMF) to prepare the solution of the GOs/DMF and the
PLLA/DMF, respectively; then the solution of the GOs/DMF and the
PLLA/DMF was mixed together with stirring at 80 ◦C for 2 h; and
then the mixture was  dried at 100 ◦C for enough time until the
solvent was  removed completely. Finally, the master batch of the
PLLA/GOs composite containing 5.0 wt%  GOs was prepared. After
that, the master batch was melt compounded with neat PLLA to
prepare the objective nanocomposites. Both the neat PLLA and the
PLLA/GOs master batch were dried at 80 ◦C for 4 h before melt com-
pounding processing. The melt compounding of all composites was
carried out in an internal mixer at the melt temperature of 185 ◦C
and rotate speed of 60 rpm, and the mixing duration was  5 min. In
this work, the weight fraction of the GOs in the composites was
varied from 0.1 to 2.0 wt%. The sample notation of the composites
and the compositions are listed in Table 1. To give a more realistic
understanding about the PLLA that was  replaced by the GOs, the
corresponding volume fraction was  also given.

2.3. Characterizations

The isothermal crystallization morphologies of the neat PLLA
and the PLLA/GOs composites were characterized using a polar-
ized optical microscopy (POM, XPN203E, China) with a hot-stage.
Firstly, a sample of about 5 mg  was  heated to 190 ◦C and pressed to
obtain a slice with a thickness of about 20 �m.  The slice was then
maintained at 190 ◦C for 3 min  to erase the thermal and mechanical
history. Secondly, the slice was transferred to the hot-stage with a
setting temperature of 110 ◦C and maintained at this temperature
for 1 h. The crystallization morphology of the sample was taken
images using a digital camera.

The isothermal crystallization and subsequent melting behav-
iors of the neat PLLA and the PLLA/GOs composites were inves-
tigated using differential scanning calorimetry (DSC, PerkinElmer
Pyris-1, USA). Sample was heated to 200 ◦C and maintained at this
temperature for 3 min  to erase the thermal history, then the sam-
ple was  cooled down to a predetermined isothermal crystallization
temperature (Tc−I) at the cooling rate of 100 ◦C/min, maintained at

this temperature for enough time to insure the completion of the
crystallization of sample, and then the sample was  cooled down
to room temperature. After each crystallization process, the sam-
ple was heated again to 200 ◦C at a heating rate of 10 ◦C/min to
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nvestigate the corresponding melting behavior of composite. Fur-
hermore, the melting behavior of the PLLA matrix was  further
nvestigated using a temperature-modulated DSC (TMDSC) Q200
TA Instrument, the USA). It should be pointed out that except the
eating rate during the second heating scan (2 ◦C/min) was dif-

erent from the previous DSC measurement (10 ◦C/min), the first
eating rate and subsequent cooling rate were completely same
ith those used in the previous DSC measurement. When the

ample was heated at 2 ◦C/min, a temperature modulation was
uperimposed with amplitude of 0.5 ◦C in a period of 60 s.

For the nonisothermal crystallization and subsequent melting
ehaviors, the measurements were conducted on a Netzsch STA
49C Jupiter (DSC). The sample was also heated from 0 to 200 ◦C
t the heating rate of 10 ◦C/min and maintained at 200 ◦C for

 min  to erase any thermal history, then the sample was cooled
own to room temperature at desired cooling rate (1, 2, 5 and
0 ◦C/min). Similarly, after each nonisothermal crystallization pro-
ess, the sample was also reheated to 200 ◦C at the heating rate
f 10 ◦C/min to understand the corresponding melting behavior of
omposite. All the DSC measurements were carried out in nitrogen
tmosphere, and the weigh of each sample was  about 8 mg.

. Results and discussion
.1. Isothermal crystallization and melting behaviors

Fig. 1 shows the isothermal crystallization morphologies of
he neat PLLA and the PLLA/GOs composites. Neat PLLA exhibits

ig. 1. POM images show the isothermal crystallization morphologies of different sample
c)  PLLA/0.5GOs, (d) PLLA/1GOs and (e) PLLA/2GOs.
ca Acta 566 (2013) 57– 70 59

sporadic but regular spherulites with typical Maltese Cross, and
the average diameter of spherulites is about 40–50 �m.  But, the
whole crystallization rate of the neat PLLA is relatively small, and
even if the crystallization time is up to 1 h, one can see that the crys-
tallization of the neat PLLA is still not finished. The presence of the
GOs greatly changes the crystallization behavior of the PLLA matrix.
First, the number of the spherulites is dramatically increased.
Obviously, GOs as heterogeneous nucleating agent for the PLLA
crystallization increase the nucleation density of the PLLA appar-
ently. Second, the diameter of spherulites is greatly decreased due
to the increase of nucleation density. Third, all the PLLA/GOs com-
posites exhibit irregular spherulites and the typical Maltese Cross
which is observed for the neat PLLA is completely disappeared. This
means that the presence of the GOs prevents the perfection of the
PLLA spherulites during the crystallization process. Furthermore,
it should be strengthened that the nucleation effect of the GOs
is dependent upon the concentration of the GOs in the compos-
ites. The higher the concentration of the GOs, the more apparent
the nucleation effect of the GOs is. Specifically for the PLLA/2GOs
sample, it is very difficult to differentiate the spherulites one by
one.

The isothermal crystallization behaviors of the neat PLLA and
the PLLA/GOs composites were further investigated using DSC. The
DSC heat flow curves of all samples during the isothermal crystal-

lization process are shown in Fig. 2. Because the crystallization of
the neat PLLA is very difficult and long time is required for the PLLA
crystallization at relatively high crystallization temperature (Tc−I),
relatively lower Tc−I (102, 105, 108 and 110 ◦C) was  selected for

s obtained after being crystallized at 110 ◦C for 1 h. (a) Neat PLLA, (b) PLLA/0.1GOs,
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ig. 2. DSC curves of neat PLLA and PLLA/GOs composites with different concentra
ization  temperatures as indicated in the graphs. For neat PLLA, the isothermal crys

he neat PLLA crystallization. For the PLLA/GOs composites, GOs
xhibit great nucleation effect and the crystallization of the PLLA
atrix is greatly accelerated as proved by previous POM charac-

erization, therefore, relatively high Tc−I (110, 112, 115 and 118 ◦C)
as selected. As shown in Fig. 2, at all crystallization temperatures,
eat PLLA exhibits relatively lower crystallization process and the
rystallization peak is broad and inconspicuous. However, all the
LLA/GOs composites exhibit relatively faster crystallization pro-
ess even if the Tc−I selected for the PLLA/GOs composites is much
igher than that for the neat PLLA. Generally, high crystallization
emperature is unfavorable for the isothermal crystallization
rocess of semicrystalline polymers since the formation of stable
ucleus is relatively difficult. Here, even if the Tc−I is increased up
o 118 ◦C, largely accelerated crystallization process is observed for
he PLLA/0.1GOs sample compared with the crystallization process
f the neat PLLA at Tc−I of 102 ◦C. Obviously, the positive effect of
he GOs on the PLLA crystallization is over the negative effect of
ncreasing crystallization temperature. Furthermore, it is observed
hat the heterogeneous nucleation effect of the GOs is very appar-

nt and only 0.1 wt% GOs accelerate the isothermal crystallization
rocess of the PLLA greatly. Further increasing the concentration
f the GOs leads to the slightly decrease of time corresponding
o the maximum crystallization rate. The relative crystallization
of GOs show the crystallization behaviors occurred at different isothermal crystal-
tion temperature is 102, 105, 108 and 110 ◦C, respectively.

fraction (Xt) evolution curves at different Tc−I are shown in Fig. 3.
More apparently, the PLLA/GOs composites exhibit much bigger
crystallization rate compared with the neat PLLA. In a very short
time, the crystallization of the PLLA in the composites is finished.
The higher the concentration of the GOs in the composites, the
shorter the time required for the completion of crystallization.

The isothermal crystallization kinetics of semicrystalline poly-
mers can be well described by the famous Avrami relation [36–38]:

1 − Xt = exp(−Ktn) (1)

where Xt is the relative degree of crystallinity at crystallization time
t, n is so called “Avrami exponent” which depends on the type
of nucleation and the growth mechanism during the crystalliza-
tion, and K is a rate constant related to nucleation and growth rate
parameters. It should be pointed out that there is a presupposition
that the type of crystallization does not change during the whole
isothermal crystallization process and in this condition, the Avrami
relation is valid in describing the crystallization kinetics of poly-

mers. According to the Avrami equation, one formula can be got as
follows:

log[− ln(1 − Xt)] = n log t + log K (2)
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the t1/2 of the PLLA/0.1GOs is increased from 5.1 min  at Tc−I of
110 ◦C to 5.3 min  at Tc−I of 118 ◦C. Second, the t1/2 decreases with
the increasing concentration of the GOs in the composites. This

Table 2
Isothermal crystallization kinetics parameters of neat PLLA and PLLA/GOs
composites.

Tc−I (◦C) GOs content (wt%) T1/2 (min) n K

110 0.0 27.0 4.93 9.12E − 08
0.1 5.1 4.46 4.17E − 04
0.5 4.6 4.40 1.00E − 03
1.0 3.6 4.63 2.14E − 03
2.0  1.8 5.74 2.57E − 02

112 0.1 5.3 4.50 4.79E − 04
0.5 4.6 4.57 7.76E − 04
1.0  3.6 4.82 1.14E − 03
2.0  1.9 5.83 2.19E − 02

115 0.1 5.5 4.72 3.89E − 04
0.5 4.9 4.94 3.55E − 04
1.0  3.8 5.07 9.55E − 04
2.0  2.0 5.94 1.26E − 02
ig. 3. Relative crystallization fraction versus crystallization time of neat PLLA and
ndicated in the graphs. The isothermal crystallization temperatures set for neat PL

And generally, the plot of log[− ln(1 − Xt)] versus log t provides
 straight line. The slope of the line is n and the intercept with the
rdinate yields logK. Furthermore, from Eq. (1) the crystallization
alf time t1/2 which is also used to describe the crystallization rate
f polymers can be obtained by

1/2 =
(

ln 2
K

)1/n

(3)

The plots of log[− ln(1 − Xt)] versus logt  of neat PLLA and
LLA/GOs composites are shown in Fig. 4 and the corresponding
arameters for the isothermal crystallization kinetics are shown in
able 2. For the neat PLLA, only the crystallization behavior at Tc−I

f 110 ◦C is comparatively analyzed. Obviously, for all the samples,
he plots exhibit straight lines in the initial stage of the crystalliza-
ion and then the slopes of the plots change slightly, indicating the
ariation of the crystallization behavior. This is possibly associated
ith the formation of new nucleus and the impingement of neigh-

oring spherulites, and thus, represents beginning of the secondary
rystallization. The variations of t1/2 versus the concentration of
Os are illustrated in Fig. 5. Obviously, the PLLA/GOs composites
xhibit much smaller t1/2 compared with the neat PLLA although
he crystallization temperatures set for the PLLA/GOs composites

re much higher than that of the neat PLLA, indicating that GOs
ccelerate the isothermal crystallization process of the PLLA matrix
reatly. Furthermore, there are at least two features which should
e strengthened. First, for all the composites, although the Tc−I is
/GOs composites obtained at different isothermal crystallization temperatures as
 also shown in the graphs.

increased from 110 to 118 ◦C, the t1/2 changes slightly. For example,
118 0.1 5.3 4.99 2.24E − 04
0.5 5.1 5.34 1.02E − 04
1.0 4.3 5.34 3.63E − 04
2.0  2.4 5.88 5.37E − 03
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ig. 4. Avrami plots of log[− ln(1 − Xt)] versus log t of neat PLLA and PLLA/GOs com
raphs.

ndicates that under the isothermal crystallization condition set in

his work, the crystallization behavior of the PLLA in the composites
s mainly determined by the concentration of GOs rather than the
sothermal crystallization temperatures. As shown in Table 2, for all

ig. 5. Variation of crystallization half time versus the concentration of GOs in the
omposites.
s obtained at different isothermal crystallization temperatures as indicated in the

the samples, the Avrami exponent n is much larger than 3. It is also
larger than the values reported in the literatures [39] in which the
n is in the range of 2.1–2.5. The crystallization kinetics of the PLLA
induced by nucleating agent investigated in our previous work [40]
also given the similar values of n to those obtained in this work.
Therefore, it is believed that the main reasons for the differences are
mainly ascribed to the differences in both crystallization temper-
atures and the raw materials, which possibly induce the increase
of crystal defect during the crystallization process. The variation
trend of rate constant K also proves the accelerated crystalliza-
tion process of the PLLA matrix induced by the GOs. The higher
the concentration of the GOs in the composites, the bigger the
K is.

The activation energy of nucleation (Kg) can be calculated
according to the famous Hoffman–Lauritzen model [41]:

G = G0 exp
[ −U∗

R(Tc − T∞)

]
exp

[ −Kg

Tc · �T  · f

]
(4)

ln G + U∗

R(Tc − T∞)
= ln G0 − Kg

Tc · �T  · f
(5)
where G0 is a constant independent of temperature; U* repre-
sents the activation energy characteristic of the transport of the
crystallizing segments across the liquid-crystal interface, univer-
sally U* = 6280 J/mol; R is the gas constant; Tc is the isothermal
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Fig. 6. Plots of ln G + U*/R(Tc − T∞) versus 1/Tc · �T  · f for the neat PLLA and the
PLLA/GOs composites.

F
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rystallization temperature; T∞ is the theoretical temperature
elow which all motions associated with the viscous flow ceases,
nd generally, it is defined as T∞ = Tg − 30 K; �T  is the supercooling
egree (�T = T0

m − Tc), here T0
m is the equilibrium melting point

hich can be calculated according to the following equation (6);
 is a corrective factor responsible for the variation of the equi-
ibrium melting enthalpy with temperature, and it is defined as

 = 2Tc/(T0
m + Tc); and Kg is nucleation parameter. From Eq. (5), the

lope of the plot of ln G + U*/R(Tc − T∞) versus 1/Tc · �T  · f is Kg. Fig. 6
hows the plots of ln G + U*/R(Tc − T∞) versus 1/Tc · �T  · f for the
eat PLLA and the PLLA/GOs composites. The corresponding data
f Kg are also shown in the graph. It can be seen that addition of
nly 0.1 wt% GOs induces the great decrease of Kg, further proving
he good nucleation effect of the GOs for the PLLA matrix. For the
LLA/0.5GOs sample, the Kg is the smallest one. Further increasing
he concentration of the GOs in the composites induces the slight
ncrease of Kg, indicating that the nucleation effect of the GOs is
ecreased. However, it should be noticed that the value of Kg of the
LLA/2GOs samples is still much smaller than that of the neat PLLA.
The subsequent melting behaviors of samples are shown in
ig. 7. Similarly, for the neat PLLA, only the sample obtained
fter being isothermally crystallized at 110 ◦C is analyzed and the

ig. 7. DSC heating curves of neat PLLA and PLLA/GOs composites with different concentra
t  the temperatures indicated: (a) 110 ◦C, (b) 112 ◦C, (c) 115 ◦C and (d) 118 ◦C.
tions of GOs, recorded at a heating rate of 10 ◦C/min after isothermal crystallization
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of the fillers in the composites. As reported by Li that the crystal-
ig. 8. TMDSC heat flow curves of the neat PLLA obtained at the heating rate of
◦C/min. Sample was  first crystallized at 110 ◦C.

orresponding DSC heating curve is shown in Fig. 7a. After being
sothermally crystallized 110 ◦C (Fig. 7a), it can be seen that all
he samples exhibit double endothermic peaks on the DSC heating
urves, attributing to the two different melting behaviors of the
LLA crystallites. For the neat PLLA, the first endothermic peak (Tm1)
s at 148.7 ◦C and the second one (Tm2) at 155.9 ◦C. The presence of
Os induces the different variation trends of melt behaviors of the
LLA matrix. The PLLA/0.1GOs sample exhibits larger Tm1 and Tm2
ompared with the neat PLLA. It is well known that the melting
oint is directly related to the thickness of lamellae and gener-
lly, the bigger the lamellar thickness, the higher the melting point
s. Therefore, it can be deduced that addition of only 0.1 wt% GOs
acilitates the perfection of crystalline structure of the PLLA matrix
uring the isothermal crystallization process. Further increasing
he concentration of the GOs leads to the decrease of both Tm1 and
m2. The higher the concentration of GOs, the smaller the Tm1 and
m2 are. This indicates that the presence of high concentration of
he GOs is unfavorable for the perfection of the PLLA crystallites and
ontrarily, it endows PLLA crystallites with more defects. The simi-
ar melting behaviors of the PLLA/GOs composites are also observed
y changing the crystallization temperatures, as shown in Fig. 7c–d.
urthermore, it is interesting to observe that the intensity of the
rst endothermic peak increases whereas the second endothermic
eak weakens with the increase of Tc−I.

To further understand the mechanism for the double endother-
ic  peaks observed for the neat PLLA and PLLA/GOs composites,

he melting behavior of representative sample, i.e. the neat PLLA,
as further investigated using TMDSC and the heat flow curves

re shown in Fig. 8. Generally speaking, if the crystallization and
elting occur simultaneously during the heating scan, the crystal-

ization and melting signals can be separated in the reversible and
on-reversible heat flow signals by TMDSC, respectively. As shown

n Fig. 8, the total heat flow of the isothermal crystallized PLLA sam-
le is separated in the endothermic heat flow signal attributing to
he melt of PLLA crystallites (appearing in the non-reversible heat
ow curve) and the exothermic heat flow signal attributing to the
ecrystallization (appearing in the reversible heat flow curve). This
ndicates the occurrence of the melt-recrystallization-melt process
f the PLLA crystallites during the heating scan. Most likely, some
rystallites formed during the isothermal crystallization process
ave imperfect crystalline structure and melt at relatively low tem-
erature, and then the chain segments further crystallize and form

he crystalline structures with thicker lamella. The latter lamella
hen melts at relatively higher temperatures. The similar results
ave been also reported in the literatures [42].
Fig. 9. Variations of melting temperatures (Tm1 and Tm2) versus isothermal crystal-
lization temperatures of neat PLLA and PLLA/GOs composites.

The variations of both Tm1 and Tm2 of different samples versus
Tc−I are illustrated in Fig. 9. For a certain sample, Tm1 increases with
increasing Tc−I while Tm2 maintains invariant, further proving that
Tm1 is related to the fusion of primary crystallites formed during
the isothermal crystallization process while Tm2 to the fusion of
new crystallites formed during the DSC heating process through
the melt–recrystallization–melt process of primary crystallites. For
samples with different concentrations of the GOs, both Tm1 and
Tm2 are observed to be dependent upon the concentration of the
GOs in the composites. At all crystallization temperatures, the
PLLA/0.1GOs sample exhibits the biggest Tm1 and Tm2. However,
increasing the concentration of the GOs induces the decrease of
both Tm1 and Tm2. Specifically, at all crystallization temperatures,
the PLLA/2.0GOs sample exhibits the smallest Tm1 and Tm2, and the
data are even lower than those of the neat PLLA.

To further investigate the crystalline structures formed during
the isothermal crystallization process, the typical equilibrium
melting point (T0

m) of the neat PLLA and the PLLA/GOs composites
are calculated according to Hoffman–Weeks theory [43]:

Tm = ˚Tc−I + (1 − ˚)T0
m (6)

where Tm is the observed melting point, Tc−I is defined as above,
and  ̊ is the stability parameter depending on the crystal thick-
ness. Generally, the crystal structure is very stable for  ̊ = 0, and
inherently unstable for  ̊ = 1. The smaller the  ̊ value is, the more
stable the crystal structure is. The T0

m values can be obtained by
linear extrapolating the experimental data to Tm = Tc−I line. In this
work, the first endothermic peak (Tm1) was  selected because it is
directly related to the fusion of primary crystallites formed during
the isothermal crystallization process. The results are illustrated
in Fig. 10. Neat PLLA exhibits T0

m of 161.7 ◦C in this condition.
Addition of only 0.1 wt%  GOs dramatically improves the crystalline
structure of the PLLA matrix and accordingly, the T0

m is increased
up to 164.9 ◦C, indicating the formation of more perfect crystallites
with bigger lamellar thickness. However, further increasing the
concentration of the GOs induces the decrease of T0

m. The higher
the concentration of the GOs, the smaller the T0

m is. Obviously, high
concentration of the GOs is unfavorable for the growth of the PLLA
lamellae during the isothermal crystallization process.

It is well known to all that the effect of the filler on polymer crys-
tallization is strongly affected by the shape and the concentration
lization of polymer with the presence of nanofiller can be carried
out through two possible routes [44]: homogeneous nucleation
relating to the self-nucleation of the molecular chains away from
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ig. 10. Plots of melting temperature (Tm1) versus isothermal crystallization tem-
erature for neat PLLA and PLLA/GOs composites.

he interface of the nanofiller and the polymer and heterogeneous
ucleation relating to the nucleation of the molecular chains at the

nterface. High concentration of nanofiller provides larger surface
rea, facilitating the occurrence of the heterogeneous nucleation
rocess. However, high concentration of nanofiller also hinders
he diffusion of the molecular chains, leading to the decrease of
he growth rate of lamellae. Therefore, the crystallization behavior
hould be the compromise between these two competing effects.
n this work, with the presence of a few amounts of GOs, the func-
ional groups on the surface of the GOs provide strong interfacial
nteraction with the molecular chains of the PLLA on one hand. On
he other hand, the large surface of the GOs provides an ideal tem-
late for the molecular ordering of the molecular chains of the PLLA
45], facilitating the nucleation of the PLLA on the surface of the GOs
ccordingly. However, at high concentration of GOs, the diffusion
f the PLLA molecular chains is restricted and the lamellar growth
lso occurs in a limited space, which is very similar to the crystal-

ization of the PLLA in the nanocomposites with high concentration
f carbon nanotubes [8,28,29]. Consequently, imperfect crystalline
tructures with smaller lamellar thickness are achieved.

able 3
onisothermal crystallization and subsequent melting parameters of neat PLLA and PLLA

Cooling rate (◦C/min) GOs concentration (wt%) Tc (◦C) �Hc (J/g) 

1 0.0 – – 

0.1  118.1 −30.1 

0.5  119.5 −35.1 

1.0  120.6 −37.4 

2.0  124.0 −33.7 

2 0.0  – – 

0.1  110.8 −28.6 

0.5  113.8 −35.4 

1.0  115.0 −37.2 

2.0  119.8 −32.7 

5 0.0  – – 

0.1  99.9 −4.38 

0.5  102.9 −17.4 

1.0  104.2 −25.3 

2.0  112.0 −33.1 

10 0.0  – – 

0.1  – – 

0.5  – – 

1.0  – – 

2.0  102.1 −22.4 
ca Acta 566 (2013) 57– 70 65

3.2. Nonisothermal crystallization and melting behaviors

During the actual processing procedure, articles usually expe-
rience the nonisothermal crystallization process and therefore, it
is very significant to investigate the nonisothermal crystallization
behaviors of semicrystalline polymers. Fig. 11 shows the cooling
traces of the neat PLLA and the PLLA/GOs composites obtained by
DSC and the corresponding crystallization parameters are shown
in Table 3. At all cooling rates ranging from 1 to 10 ◦C/min, no
apparent exothermic phenomenon can be detected from the cool-
ing curves of the neat PLLA, indicating that neat PLLA does not
crystallize during the nonisothermal crystallization process. The
presence of the GOs greatly improves the crystallization ability of
the PLLA during the nonisothermal crystallization process; how-
ever, the crystallization behaviors of the PLLA/GOs composites are
dependent upon the cooling rates. At cooling rate of 1 ◦C/min,
all the composites exhibit the apparent crystallization behaviors
of the PLLA matrix, and the crystallization peak temperature (Tc)
increases with the increasing concentration of the GOs, further
proving the great nucleation effect of the GOs on the PLLA crys-
tallization. At cooling rates of 2 and 5 ◦C/min, although all the
composites still show the crystallization behaviors of the PLLA
matrix, it can be seen that the exothermic peaks of the PLLA/0.1GOs
become inconspicuous compared with that obtained at cooling
rate of 1 ◦C/min, indicating that fewer PLLA crystallizes during
the cooling process. This can be further proved by the variation
of crystallization enthalpy (�Hc) as shown in Table 3. When the
cooling rate is increased up to 10 ◦C/min, only the PLLA/2GOs
sample still shows the crystallization behavior. Generally, for a
semicrystalline polymer with excellent crystallization ability, the
exothermic phenomenon during the nonisothermal crystallization
process becomes more apparent at relatively higher cooling rate.
Such phenomenon can only be observed for the PLLA/2GOs sam-
ple in this work when cooling rate is increased from 1 to 5 ◦C/min.
At cooling rate of 10 ◦C/min, although PLLA still crystallizes in the
PLLA/2GOs sample, the �Hc (−22.4 J/g) is decreased compared with
those (about −33 J/g) obtained at cooling rates ranging from 1 to
5 ◦C/min, further indicating that fewer PLLA crystallizes during the
Similarly, the relative crystallization fraction (Xt) evolution
curves at different cooling rates are illustrated and the results
are shown in Fig. 12. Since neat PLLA does not show appar-

/GOs composites.

Tg (◦C) Tcc (◦C) �Hcc (J/g) Tm (◦C) �Hm (J/g)

60.5 122.9 −27.8 150.9/157.0 31.1
61.8 – – 153.2 33.1
56.1 – – 150.6/155.7 35.8
56.9 – – 151.6/156.0 38.1
54.3 – – 151.9/154.9 34.1

60.0 124.9 −29.5 151.4/157.0 29.3
61.4 – – 150.9/155.7 31.1
55.9 – – 148.4/155.7 34.8
56.7 – – 149.4/156.0 37.5
53.8 – – 144.9/155.2 34.8

59.4 125.8 −28.9 151.6/156.7 25.8
60.8 115.3 −20.1 149.9/155.7 37.1
56.3 108.9 −13.6 144.9/155.1 31.2
56.5 106.8 −8.6 145.8/155.0 33.5
54.2 – – 147.1/155.2 33.0

59.1 126.4 −26.1 151.5/156.4 24.9
60.3 115.2 −23.9 149.8/155.4 20.1
57.0 112.9 −26.6 145.8/155.3 25.2
57.1 111.0 −28.5 146.0/155.4 28.2
54.4 – – 144.7/154.9 26.9
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straight lines, indicating that the nonisothermal crystallization
kinetics of the PLLA/GOs composites can be well described by
Mo method. Furthermore, the results shown in Table 4 suggest
that at a certain crystallization time, a higher relative degree of

Table 4
Nonisothermal crystallization kinetics parameters of PLLA/GOs composites obtained
by  Mo method.

Xt (%) GOs content (wt%) F(T) a

30 0.1 1.45 1.73
0.5  1.49 1.94
1.0  1.47 1.99
2.0  1.22 2.00

40 0.1  1.67 1.90
0.5  1.61 1.99
1.0  1.60 2.06
2.0  1.28 1.97

50 0.1  1.77 1.93
0.5  1.81 2.15
1.0  1.78 2.21
2.0  1.34 1.98
ig. 11. DSC cooling curves show the nonisothermal crystallization behaviors of ne

nt crystallization behavior at all cooling rates selected in this
ork, therefore only the results of the PLLA/GOs composites

re shown. Furthermore, the results obtained at cooling rate
f 10 ◦C/min are not considered because only the PLLA/2GOs
ample could exhibit the crystallization behavior under this
ondition. More apparently, the crystallization rate of the
LLA/GOs composites is greatly dependent upon the concen-
ration of GOs. The more the concentration of GOs, the bigger
he crystallization rate of PLLA matrix is. This agrees well with
he observations obtained from isothermal crystallization pro-
ess.

The nonisothermal crystallization kinetics of the PLLA/GOs com-
osites can be described by Mo  which combines the Avrami
quation and Ozawa equation [46,47]:

og � = log F(T) −  ̨ log t (7)

here � is the cooling rate, the kinetic parameter F(T) refers
o the value of cooling rate that has to be selected at unit
rystallization time when the sample has the defined degree
f crystallinity;  ̨ is the ratio of the Avrami exponent n to

he Ozawa exponent m. The plots of log � versus log t are
hown in Fig. 13, and the data of F(T) and  ̨ obtained from the
ntercept and slope of the plots are shown in Table 4. From
ig. 13 one can see that for all the composites, the plots are
A and PLLA/GOs composites obtained at different cooling rates as indicated.
60 0.1  1.90 2.00
0.5  2.02 2.33
1.0  1.96 2.33
2.0  1.40 1.97



H.-m. Chen et al. / Thermochimica Acta 566 (2013) 57– 70 67

 of PLL

c
m
w
s
p
c

s
f
i
m
t
a
c
t
P
i
r
n
t
a
s
o
a

Fig. 12. Relative crystallization fraction versus crystallization time

rystallinity (Xt) can be obtained at a higher cooling rate. Further-
ore, at a certain Xt, a lower cooling rate is required for sample
ith relatively higher concentration of GOs. The values of  ̨ changes

lightly, further indicating that the nonisothermal crystallization
rocess involving the nucleation and spherulites growth of the
omposites can be influenced by the concentration of the GOs.

The subsequent heating curves of different samples are
hown in Fig. 14 and the corresponding parameters obtained
rom DSC curves are also shown in Table 3. From the heat-
ng curve of the neat PLLA which is first cooled from the

elt at a cooling rate of 1 ◦C/min (Fig. 14a), one can see
hat there are several transitions, including the glass transition
t 60.5 ◦C (Tg), the exothermic phenomenon attributed to the
old crystallization behavior of the PLLA at 122.9 ◦C (Tcc), and
he endothermic phenomenon attributed to the melting of the
LLA crystallites at about 150.9 (Tm1) and 157.0 ◦C (Tm2). As shown
n Fig. 11, neat PLLA does not crystallize apparently at all cooling
ates. Therefore, the observed endothermic phenomenon origi-
ated from the fusion of PLLA crystallites which are induced during
he DSC heating process through the cold crystallization occurred

t 122.9 ◦C. With the increase of cooling rate, the Tcc of the neat PLLA
hifts to higher temperatures. This can be explained by the variation
f ordered structure in the sample. At relatively lower cooling rate,
lthough PLLA does not crystallize, some PLLA macromolecules
A/GOs composites obtained at different cooling rates as indicated.

form the ordered structures through conformation adjustment, and
these ordered structures act as a nucleus to promote the occur-
rence of the cold crystallization of the PLLA at relatively lower Tcc

during the DSC heating process. The presence of ordered struc-
ture can also be proved by the weak endothermic peak rather
than the common step change observed in the glass transition
range. Increasing cooling rate leads to fewer ordered structures
formation during the cooling process, and therefore it is more
difficult for the occurrence of the cold crystallization of the neat
PLLA.

For the PLLA/GOs composites, it can be seen that all the transi-
tions are dependent upon the concentration of the GOs and the
cooling rate. First, Tg of composites decreases with the increas-
ing concentration of the GOs, indicating that high concentration
of the GOs is favorable for the relaxation of the PLLA chain seg-
ments. This will be further discussed in our next work. Second,
after being crystallized at relatively lower cooling rate, i.e. 1 and
2 ◦C/min, the cold crystallization process disappears completely,
indicating that the crystallization of the PLLA matrix is finished
during the cooling process; however, at cooling rate of 5 and

10 ◦C/min, the PLLA/0.1GOs, PLLA/0.5GOs and PLLA/1GOs samples
exhibit the apparent cold crystallization behaviors. The Tcc shifts
to lower temperatures with the increasing concentration of the
GOs in the sample, and the data are much smaller than those of
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Fig. 13. Plots of log � versus log t of PLLA/GOs composites with different concentrations of GOs at a certain relative crystallization fraction as indicated.
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he neat PLLA. This indicates the heterogeneous nucleation effect
f the GOs on cold crystallization of the PLLA on one hand. The
ore the concentration of the GOs, the more apparent the het-

rogeneous nucleation effect is. On the other hand, the presence
f cold crystallization behavior also indicates the crystallization of
he PLLA matrix is not finished during the cooling process. However,
or the PLLA/2GOs sample, even if the cooling rate is increased up
o 10 ◦C/min, the cold crystallization is still not observed, suggest-
ng the completely completion of crystallization during the cooling
rocess.

Furthermore, the melting behaviors of the PLLA in different
amples also change with the variations of both cooling rate and
he concentration of the GOs. On one hand, Tm1 decreases with
ncreasing concentration of GOs while Tm2 maintains nearly invari-
nt; On the other hand, relatively smaller cooling rate leads to
igher Tm1. The results obtained from nonisothermal crystallization
rocess are well consistent with those obtained from isothermal
rystallization process, namely, the Tm1 is mainly related to the
usion of primary crystallites formed during the nonisothermal

rystallization process and/or cold crystallization process during
he DSC heating and Tm2 is related to the fusion of new crystal-
ites formed through so called melt–recrystallize–melt process of
mperfect crystallites.
The degree of crystallinity (Xc) of the PLLA is calculated accord-
ing to the following equation:

Xc = �Hm − �Hcc

�H0
M × ϕ

× 100% (8)

where �Hm is the DSC measured value of fusion enthalpy, �Hcc is
the cold crystallization enthalpy obtained during the DSC heating
process, �H0

m is the fusion enthalpy of the completely crystalline
PLLA, and ϕ is the weight fraction of PLLA in the sample. Here, the
value of �H0

m of PLLA is selected as 93 J/g [48]. The data of �Hm and
�Hcc are also shown in Table 3 and the variations of Xc versus the
concentration of GOs are illustrated in Fig. 15. Obviously, the pres-
ence of the GOs greatly improves the crystallization ability of the
PLLA and largely increased Xc is obtained at relatively lower cooling
rate. Increasing the cooling rate is unfavorable for the crystalliza-
tion improvement of the PLLA matrix. However, it can be seen that
even if the cooling rate is increased up to 10 ◦C/min, the PLLA/2GOs
sample still shows the Xc of 29.5%. In other words, the negative
effect of increased cooling rate in the actual processing conditions

on the crystallization of the PLLA can be eliminated by increas-
ing the concentration of the GOs to a certain extent. Obviously,
high crystallinity hints high thermal properties and high modulus
and strength. This is very significant from viewpoints of enhancing
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Fig. 14. DSC heating curves of neat PLLA and PLLA/GOs composites with different concent
c

F
f

ooling rates. (a) 1 ◦C/min, (b) 2 ◦C/min, (c) 5 ◦C/min and (d) 10 ◦C/min.

ig. 15. Variations of crystallinity of neat PLLA and PLLA/GOs composites as the
unction of GOs concentration.
rations of GOs, recorded at a heating rate of 10 ◦C/min after being cooled at different

processing efficiency and preparing new PLLA material with excel-
lent physical properties.

4. Conclusions

In summary, the isothermal and nonisothermal crystallization
behaviors of the neat PLLA and the PLLA/GOs composites were
comparatively investigated. It is found that GOs exhibit great role
in improving the crystallization ability of the PLLA. During the
isothermal crystallization process, addition of only 0.1 wt%  GOs  dra-
matically accelerates the crystallization of the PLLA matrix and the
crystallization half time is dramatically decreased. Increasing the
concentration of the GOs further accelerates the crystallization,
but high concentration of the GOs is unfavorable for the crystal
perfection of the PLLA, which can be proved by the decrease of
equilibrium melting temperature. During the nonisothermal crys-
tallization process, it is observed that the crystallization behavior
of the PLLA is greatly dependent upon both the cooling rate and
the concentration of the GOs. At relatively small cooling rate, the

crystallization temperature of the PLLA increases with the increas-
ing concentration of the GOs. At relatively high cooling rate, high
concentration of the GOs is required to realize the crystallization
of the PLLA. The most interesting is that even if the cooling rate is
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