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a b s t r a c t

The effect of layered double hydroxide (LDH) nanolayers on the crystallization behavior of polypropy-
lene (PP) was studied based on the preparation of nanocomposites by a melt intercalation method.
The isothermal crystallization kinetics and subsequent melting behavior of PP/LDH hybrids were stud-
ied with differential scanning calorimetry (DSC), polarized optical microscopy (POM), and wide-angle
X-ray diffraction (WAXD). Studies revealed that the LDH promoted heterogeneous nucleation, acceler-
ating the crystallization of PP. The Avrami equation successfully describes the isothermal crystallization
kinetics of PP/LDH hybrids and signifies heterogeneous nucleation in crystal growth of PP. The varying
values of Avrami exponent (n) and half crystallization time (t1/2) of PP and PP/LDH hybrids describes
overall crystallization behavior. The crystallite size (D ) and distribution of different crystallites in
sothermal crystallization

elting behavior
h k l

PP varied in presence of LDH. A significant increase in melting temperature is observed for PP/LDH
hybrids. The POM showed that smaller and less perfect crystals were formed in nanocomposites
because of molecular interaction between PP chains and LDH. The value of fold surface free energy
(�e) of PP chains decreased with increasing LDH content. Finally, the overall results signify that LDH
at nanometer level acted as nucleating agent and accelerate the overall crystallization process of PP.
. Introduction

In recent years, polymer/layered crystal nanocomposites have
een recognized as one of the most promising research field in
aterial chemistry. The scientific and technological interest for

ailoring and modifying the polymer properties has been driv-
ng a very vivid research on the nanostructured materials. In this
egard, most emphasis has been given to polymer layered sil-
cate nanocomposites, which after intercalation and exfoliation

ithin the polymer structure, induces substantial increase in the
aterial properties [1–3]. Recently, a new promising class of inor-

anic layered materials, layered double hydroxide (LDH) has been
eveloped. The LDHs are the class of anionic or hydrotalcite like
lays represented by the general formula [M1−x

IIMx
III(OH)2]x+.

(An−)x/n·mH2O] where MII and MIII are divalent and trivalent metal
ations, respectively, and A− is the interlayer anion (Fig. 1) [4,5]. The
ypical metal hydroxide-like chemistry and conventional clay-like

ayered crystalline structure makes LDH potential flame retardant
6] and suitable for polymer nanocomposite preparation. In recent
ears, polymer/LDH nanocomposites have attracted a great interest
ecause they exhibit improved physical and performance prop-
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erties in comparison to the pristine polymers and conventional
composites [7–11].

Polypropylene (PP) is one of the most widely used poly-
olefins and has stimulated intensive research in order to produce
polypropylene nanocomposites with enhanced properties. Hence,
it is important to investigate method of preparation, structure and
properties of PP reinforced with LDH from commercial point of
view. It is well understood that physical and mechanical prop-
erties of crystalline polymer like polypropylene depend on the
morphology, crystalline structure and degree of crystallization.
Therefore, the study of the kinetics of crystallization is necessary
for optimizing industrial process, conditions and establishing the
structure–property correlations in the case of PP/LDH nanocompos-
ites. It was also recognized that some inorganic fillers, as reinforcing
agents in composites, can induce nucleation for crystallization
and overall crystallization process [12–14]. The isothermal and
non-isothermal crystallization kinetics of PP and its composites
with different fillers have been extensively reported in the liter-
ature [12–18]. It has been found that the degree of crystallinity,
crystal size, and shape morphology and crystallization kinetics of

the polypropylene matrix is strongly affected by the presence of
nano-scale particulates. Recently, Chen et al. [13] calorimetrically
studied the isothermal crystallization behavior of PP/polyhedral
oligomeric silsesquioxane (POSS) nanocomposites and found that
POSS nanoparticles could accelerate the overall crystallization of

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:rp.singh@ncl.res.in
dx.doi.org/10.1016/j.tca.2009.03.002
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Fig. 1. Layered crystal structure of hydrotalcite-like compounds.

P and suggested a three-dimensional growth with heterogeneous
ucleation. Maiti et al. [18] investigated how crystallization controls
f the fine structure and morphology of the PP/clay nanocompos-
tes. They concluded that the clay platelets act as a nucleating agent
nd lower the size of the PP spherulites.

To our knowledge, only few articles report the use of such
norganic/organic (I/O) LDH/surfactant assemblies as filler for poly-

ers and their effect on the iso or non-isothermal crystallization
ehavior and the subsequent effect on changes of the microstruc-
ural parameters [19–21]. However, there was no literature on
tudies of LDH induced isothermal crystallization and melting
ehavior of polypropylene. The purpose of this article was to

nvestigate the influence of LDH type nanometric anionic clays,
rgano-modified by surfactant molecules as filler on the isothermal
rystallization behavior of PP in PP/LDH hybrid nanocompos-
tes. Melting behaviors following the isothermal crystallization
rocess were also discussed. The layered structure and the dis-
ersed morphology of LDH in PP matrix were confirmed by
-ray scattering (WAXD) and transmission electron microscopy
TEM), respectively. The data obtained from differential scan-
ing calorimetry were employed for measuring crystallization
inetic parameters and subsequent melting. The crystallization
inetic parameters and thermal characteristics based on isother-
al crystallization of the PP and PP/LDH composites were achieved

y confronting Avrami equation. The spherulitic growth rate
as used to obtain data on the specific surface free energies

or the PP and all nanocomposites. The microcrystalline dimen-
ions (Dh k l) of crystal growth and spherulitic morphology were
nvestigated by WAXD and optical polarising microscopy (POM),
espectively.

. Experimental

.1. Materials

The isotactic polypropylene used in this study is Exxon Mobile
P with 2.5–3.5 MFI. The maleic anhydride-grafted PP polymer
PP-g-MA) used as compatibilizer was a low molecular weight Poly-
ond 3200 (MA content 1%, density 0.91 g/cm3 and Mw 90,000)
btained from Chemtura corporation. Dodecyl sulfate modified
DH, i.e. Mg2Al-DS LDH was prepared obtained through courtesy
f Dr. Fabrice Leroux, University of Blaise Pascal, France.

.2. Nanocomposite preparation

Nanocomposites containing 1%, 3% and 5% LDH nanopar-
icles were prepared by melt mixing in two steps using a
o-rotating tightly intermeshed twin-screw extruder (DSM micro-
ompounder). All materials were dried at 80 ◦C under vacuum prior
o mixing.
.2.1. Step 1: preparation of compatibilized PP
Isotactic polypropylene was mixed with MA-g-PP in a weight

roportion of 95:5. The operation temperature was maintained at
80 ◦C for 5 min at 200 rpm rotor speed to prepare a master batch of
ica Acta 491 (2009) 63–70

compatibilizer in PP. All experiments were performed under inert
atmosphere.

2.2.2. Step 2: preparation of composites
The designated amount of Mg2Al-DS LDH was added to the

molten compatabilized PP and mixed at 180 ◦C for 5 min keeping
other parameters as above. The samples were abbreviated as PPL1,
PPL3 and PPL5 for 1%, 3% and 5% loading in PP, respectively.

The films of thickness between 80 and 100 �m were obtained
using laboratory press at 180 ◦C under 4 tonnes of pressure for
2 min.

2.3. Microstructure characterization

The degree of LDH nanolayer dispersion was analysed by WAXD
with Rigaku (Japan) D/max-RB wide-angle X-ray diffractometer
(WAXD). The operation parameters were Cu K� radiation at a rotat-
ing anode generator operated at voltage of 40 kV and at current
of 100 mA. The scanning rate was 2◦/min at an interval of 0.02◦.
Samples for TEM imaging were sectioned using a Leica Ultracut
UCT microtome at 80–100 nm thickness with a diamond knife at
−100 ◦C. The sections were collected from water on 300 mesh
carbon-coated copper grids. TEM imaging was done using a JEOL
1200EX electron microscope operating at an accelerating voltage
of 100 kV. Images were captured using a charged couple detector
camera and viewed using Gatan Digital Micrograph software.

2.4. Crystallization behavior

The isothermal crystallization kinetic measurements were
carried out with a TA instruments Q10 differential scanning
calorimeter (DSC) calibrated with indium. The samples of PP and
PP/LDH nanocomposite about 200 �m thick were obtained by hot
compression molding, disk-like samples about 5 mg weight were
taken for DSC measurements. Samples were heated to 200 ◦C at a
rate of 10 ◦C/min under a nitrogen atmosphere and held for 5 min
to destroy any residual nuclei. Then it was rapidly cooled to cer-
tain isothermal crystallization temperatures (Tc), and held to allow
complete crystallization. After the isothermal crystallization was
finished, the samples were heated to 200 ◦C at a rate of 10 ◦C/min
to estimate melting profile of the samples.

To support the isothermal crystallization events and kinetic
results analyzed by DSC thermograms, a very thin section of sam-
ples were observed under crossed polarizers with a polarizing
LEICA-DMRX optical microscopy (POM). A thin sample sandwiched
between two glass cover slips was placed inside the Linkam shear-
ing device (CSS450) and the temperature was raised to 200 ◦C at
the rate of 30 ◦C/min, kept at that temperature for 5 min, and then
rapidly cooled to 128 ◦C for isothermal crystallization for 20 min.
The morphological features (optical texture images) were captured
in Olympus CCD camera.

3. Result and discussion

3.1. Nanocomposite microstructure

The crystallization behavior of nanocomposites is strongly influ-
enced by the dispersion state of nanolayers in polymer matrix,
which can be analyzed from X-ray diffractions [22]. The complete
disappearance of WAXD peaks may reveal high degree of exfolia-

tion or the presence of small diffracting volume as in the cases of
low filler loading. It must be taken into account that disappearance
of diffraction peaks are not sufficient argument to recognize exfo-
liated structures. Direct observation by TEM is then necessary to
characterize an exfoliation state. Fig. 2(a–d) shows WAXD analysis
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ing and isothermal time interval dt. The limits t and ∞ denotes the
ig. 2. The X-ray diffraction patterns of (a) Mg2Al-DS LDH, (b) PPL5, (c) PPL3, (d)
PL1, and (e) PP in the range of 2� = 2–10◦ .

f PP and PP/LDH nanocomposites, a significant change in posi-
ion of the basal peak was observed. The characteristic crystalline
asal position peak of Mg2Al-DS LDH at (0 0 3) (Fig. 2a) has been
ompletely disappeared in case of PP/Mg2Al-DS LDH nanocom-
osites (Fig. 2(b–d)). Moreover, the higher order basal position
eak at (0 0 6) of PPL3 and PPL5 has been shifted towards lower
ngle and becomes broader. The overall WAXD results suggested
hat the stacking layers of the Mg2Al-DS LDH in these samples
ere fully/partially separated and coexistence of both intercalated

nd exfoliated PP/LDH nanostructure was observed. To support
hese observations, the microstructure of the nanocomposites was
nvestigated by TEM and micrographs are shown in Fig. 3(a and
), which confirm the fine dispersion of 5 wt% Mg2Al-DS LDH in
PL5 sample. The micrograph shows that LDH nanolayers are well
ispersed and intercalated throughout the PP matrix (Fig. 3a).
ark lines in the micrograph represent the LDH layers. From the

EM observations at high magnification (Fig. 3b), it is clear that
he delamination took place resulting in the presence of single
ouble hydroxide layers as well as tactoids with reduced thick-
ess.

Fig. 3. TEM micrograph of PPL5 (a) 500 n
ica Acta 491 (2009) 63–70 65

3.2. Isothermal crystallization

The crystallization kinetics of PP and PP/LDH nanocomposites
were studied by differential scanning calorimetry (DSC). The DSC
crystallization exotherms for PP and PP/LDH nanocomposites that
had been isothermally crystallized at different crystallization tem-
peratures (Tc) is shown in Fig. 4. It was observed that as the
supercooling, i.e. the difference between the melting and crystal-
lization temperature, decreases and the exothermal peak becomes
broader which implies that the crystallization rate is reduced as
the Tc increases. Thus, the induction time of the exotherm increases.
The position of the crystallization peaks of PP/LDH nanocomposites
appeared earlier than that of PP. It is evident that the crystalliza-
tion rate of PP can be enhanced greatly by adding layered double
hydroxides type nano-fillers. In the case of PP, the interval was
between 118 and 126 ◦C and in the case of PP/LDH; this interval
shifts to higher crystallization temperatures 122–130 ◦C. This shift
revealed that the LDHnanolayers are acting as nucleating agent dur-
ing the course of isothermal crystallization of PP. This phenomenon
is in agreement with earlier reports describing effect of nano-fillers
on crystallization behaviors of polypropylene [15,23]. However, the
crystallinity value of PP in the nanocomposites is found to be almost
independent of LDH content. Therefore, it can be concluded that
the incorporation of the LDH increased the crystallization rate of
PP chains without increasing the level of crystallinity.

In order to further analyze the isothermal crystallization pro-
cess, the crystallization kinetics of PP and PP/LDH nanocomposites
is compared. From dynamic crystallization experiments, data from
the crystallization exotherms as a function of temperature; dHc/dt
can be obtained, for each crystallization temperature. The relative
degree of crystallinity as a function of temperature, Xt, can be cal-
culated according to the following equation:

Xt =
∫ t

0
(dHc/dt) dt∫ ∞

0
(dHc/dt) dt

(1)

where dHc denotes the measured enthalpy of crystallization dur-
elapsed time during the course of crystallization and at the end of
the crystallization process, respectively. The development of rela-
tive degree of crystallinity Xt as a function of time, t, for PP and its
nanocomposites at various crystallization temperatures is shown

m and (b) 100 nm magnifications.
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ig. 4. DSC thermograms of isothermal crystallization at different crystallization
emperature: (a) PP and (b) PPL5.

n Fig. 5(a and b). The plots of Xt versus time for PP and PP/LDH
5%) nanocomposites are similar and all these curves have the same
igmoidal shape, implying that only a lag effect of temperature on
rystallization is observed. The half crystallization time (t1/2), which
s direct measure of rate of crystallization can be defined as the half
eriod (i.e. 50% crystallization), from the onset of crystallization and
he end of crystallization. The t1/2 values for PP and its nanocom-

osites can be obtained from Fig. 5, and the results are listed in
able 1. It is apparent that the value of t1/2 decreases with increas-
ng crystallization temperature. Moreover, at a given crystallization
emperature, the t1/2 value for PP/LDH nanocomposites is lower
han that for PP and even decrease with increasing LDH content. The

able 1
he Avrami parameters for isothermal crystallization of PP/LDH nanocomposites.

ample Tc (◦C) n k × 10−2 (min−n) Tm (◦C) t1/2 (min)

P 118 2.39 2.99 157.3 0.55
120 2.40 1.17 157.5 0.84
122 2.49 0.43 158.0 1.28
124 2.52 0.134 158.7 2.0
126 2.50 0.047 157.8 3.08

PL5 124 2.01 28.18 163.2 0.33
126 2.44 6.67 163.9 0.42
128 2.28 3.98 164.1 0.59
130 2.36 0.69 164.6 0.88
132 2.51 0.28 165.1 1.09
Fig. 5. The relative degree of crystallinity with time for the crystallization of (a) PP
and (b) PPL5 at different crystallization temperatures.

kinetic constant (k) of the PP/LDH hybrid is higher than that of PP at
give crystallization temperature. These results signify that addition
of Mg2Al-DS LDH particles act as heterogeneous nucleating agents
to facilitate the overall crystallization process.

In order to understand fully, the evolution of crystallinity dur-
ing the isothermal crystallization, the Avrami model [24] was
employed to analyze the isothermal crystallization kinetics of PP
and its nanocomposites. As we know, the Avrami theory has been
widely and successfully used for the interpretation of isothermal
crystallization processes, according to which the equivalent time
dependent crystallinity Xt can be expressed as,

Xt = 1 − exp(−ktn) (2)

where Xt is relative degree of crystallinity at crystallization time
t, n is the Avrami exponent and Zt is the crystallization rate con-
stant involving both nucleation and growth rate parameters. Eq.
(2) can also be liberalized in its logarithmic form to give Eq.
(3).

log[−ln(1 − Xt)] = log k + n log t (3)

By fitting the experimental data to Eq. (3), the values of n and

k can be obtained from the slope and intercept of the plots of
log[−ln(1 − Xt)] versus log t for each cooling rate shown in Fig. 6. The
experimental data appear to fit very well with the Avrami equation
at the primary crystallization stage, and plots of log[−ln(1 − Xt)]
versus log t at different Tc values and LDH content as it can be
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structure for PP (Fig. 8a). Two kinds of optically different areas can
be seen as separate phases. The dark and bright areas might be
amorphous and crystal regions, respectively. Comparably, the mor-
phology development of spherulites for PPL1, PPL3 and PPL5 shows

Table 2
The crystalline size D1 1 0 of PP and PP/LDH hybrids.
ig. 6. Avrami plots of log[−ln(1 − Xt)] versus log t for isothermal crystallization
rocess for (a) PP and (b) PPL5 nanocomposite.

een straight lines are obtained showing good relationship at each
ooling rate.

.3. Crystal morphology

.3.1. Crystalline structure of PP/LDH nanocomposites
The crystalline form and crystal size, markedly affects the

echanical properties of semicrystalline polymers like polypropy-
ene. To investigate the influence of the LDH on the crystalline
tructure and crystallinity of PP, we performed WAXD experiments
n both neat PP and the PP/LDH nanocomposites. Fig. 7 shows the
AXD intensity profiles of PP/LDH nanocomposites after isother-
al crystallization at 128 ◦C. The X-ray diffractograms show nearly

he �-crystalline form of PP after isothermal crystallization. The
onoclinic � reflections of PP can be found at 2� angles of 14.19◦

1 1 0), 16.98◦ (0 4 0), 18.68◦ (1 3 0), 21.25◦ (1 1 1) and 21.91◦ (1 3 1
nd 0 4 1) crystalline planes [25,26]. These observations confirm
hat the addition of LDH does not affect the crystalline polymorph
f PP. However, the crystallization rate of PP is accelerated by the
ddition of LDH, as shown in the development of the WAXD crys-
alline reflections as a function of the crystalline time. In Fig. 7,

t is also observed that the intensity of (1 1 0) plane decrease with
ncreasing LDH content accompanied by increase in the intensity of
0 4 0) plane in case of nanocomposites. The intensity of (0 4 0) peak
f PP in nanocomposites found increased because the surfaces of
ell-dispersed exfoliated LDH layers modified with organic mod-
Fig. 7. X-ray diffractograms of isothermally crystallized nanocomposites: (a) PP, (b)
PPL1, (c) PPL3 and (d) PPL5 at 128 ◦C.

ifier seems to induce the crystal growth in (0 4 0) direction. It is
known that the ratio between the (1 1 0) and (0 4 0) gives the infor-
mation on crystal growth orientations in a and b axes of �-phase
[27]. The peak intensity of (1 1 0)/(0 4 0) in PP/LDH nanocompos-
ites is not due to the possible change in the crystal forms, from �
to � form with addition of nano-filler like LDH which is in agree-
ment with reports of Kim et al. [17] in case of maleated PP/MMT
nanocomposites.

The degree of perfection of the �-phase, i.e. crystalline size
(Dh k l) can be calculated from the full width at half maximum
(FWHM) of the (1 1 0) face using the Debye–Scherrer equation:

Dh k l = K�

ˇ cos �
(4)

where Dh k l is the microcrystalline dimensions (nm), ˇ is the half
width of the diffraction peak in radian [ˇ = (ˇ1 − 0.2) × �/180◦)], K
is equal to 0.9, � is the Bragg angle, and � is the wave length of
the X-rays (� = 0.154 nm). The crystal sizes of the (1 1 0) planes of
PP and its LDH hybrids obtained this equation are listed in Table 2.
As can be seen, compared to PP, the crystal size of the compos-
ites is reduced, indicating that the packing order of the �-phase
decreased in PP/LDH nanocomposites. This is in agreement with
results obtained from POM study, which showed small size crystal
formed with low degree of perfection.

3.3.2. Polarized light optical microscopy (POM)
In order to investigate the influence of LDH nano-particles on

the morphology development and size of spherulites of PP, POM
characterization was carried out. Fig. 8 shows the micrographs of
PP and PPL5 after isothermally crystallizing at 128 ◦C for 15 min.
One can observe well-defined spherulites with a ‘Maltese-cross’
PP PPL1 PPL3 PPL5

2� (◦) 14.2 14.15 14.15 14.19
ˇ1 (rad) 0.59 0.66 0.73 0.82
ˇ (rad) 0.0068 0.0080 0.0092 0.010
D1 1 0 (nm) 20.45 19.16 15.15 13.67



68 S.P. Lonkar, R.P. Singh / Thermochimica Acta 491 (2009) 63–70

ed na

t
a
t
w
i
a
c
d
i

3

n
I
p
o
i
c
o
m
c
m
t
A
i
t
c
f

a

Fig. 8. Polarized microscopy pictures of isothermally crystalliz

he instantaneous nucleation process and there is little indication of
ny regular structure and have relatively small or less perfect Mal-
ase crosses. Clearly, the dimensions of the spherulites decreases
ith LDH contents and only very tiny crystallites can be seen. This

s due to the effect of the nano-dispersed LDH layers, which may
ct as seeds crystallization and may change the crystallization pro-
ess during the formation of PP crystallites. Therefore, a gradual
ecrease in crystal growth and perfection has been observed with

ncreasing LDH nanolayers in PP matrix.

.4. Melting behavior and the crystallinity

The DSC heating thermograms of neat PP and the PP/LDH
anocomposite sample are presented in Fig. 9(a and b), respectively.

t is observed that the PP/LDH nanocomposite DSC thermograms
ossess two melting peaks in contrast to the single melting peak
f neat PP. However, the nature of the peak changes slightly with
ncreasing crystallization temperature. While up to now, some dis-
repancies still existed in the origin and mechanism of the presence
f multiple thermograms, it is generally believed that different ther-
al history leads to crystals with different perfection [28]. The

ause of the first peaks in the scans thus is assumed to be due to the
elting of the smallest lamellae produced by secondary crystalliza-

ion and in the inter-lamellar layers between the larger crystallites.
s such, this growth should not develop until after the primary stage

s complete. Since the last peak is less dependent on the crystalliza-

ion temperature and is much larger that the first one, it might be
onsidered to be originated from the melting of the major crystals
ormed in the primary crystallization process [29].

As seen from Table 1, the crystallization temperature barely
ffected the melting profile of neat PP and its melting points
nocomposites: (a) PP, (b) PPL1, (c) PPL3 and (d) PPL5 at 128 ◦C.

were approximately at 157.6 ◦C at different crystalline temper-
ature, whereas, the melting points of PP/LDH nanocomposites
found higher than neat PP and was related to crystallization tem-
perature. The melting of PPL5 crystallized at 132 ◦C was higher
than that at 124 ◦C. Generally, the perfection of the crystalline,
or high-temperature melting peaks increased with crystallization
temperature, which was confirmed by the fact that the higher
temperature melting peaks shifted to higher temperatures with
higher crystallization temperature. Relatively imperfect crystals
would be formed at lower crystallizations, and would melt at a
lower temperature. This result indicates that the isothermal crys-
tallization temperature influences the melting behavior of PP/LDH
hybrid nanocomposites. The significant increase in melting points
of nanocomposites could be ascribed due to possible interaction
between LDH nanolayers and PP molecular chains.

3.5. Crystallization activation energy

The crystallization thermodynamics and kinetics of the
nanocomposites have been analyzed on the basis of the theory
of Hoffman–Lauritzen [30,31]. Accordingly, the crystal growth (G),
depends on temperature, T, as follows:

G = G0 exp
[
− U∗

R(Tc − T0)

]
exp

[
− Kg

Tc �Tf

]
(5)

where G0 is the pre-exponential factor, U* is the activation

energy of the segmental jump, the first exponential term con-
tains the contribution of diffusion process to the growth rate,
while second exponential term is contribution of the nucle-
ation process; U* and T0 are the Vogel–Fulcher–Tamman–Hesse
(VFTH) parameters describing the transport of polymer segments
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Fig. 10. Lauritzen–Hoffman type plots of ln G + U*/(R(Tc − T∞)) versus 1/(Tc − Tf) for
PP and PP/LDH nanocomposites.
S.P. Lonkar, R.P. Singh / Therm

cross the liquid/crystal interphase, �T = Tm − Tc the under cool-
ng, f = 2Tc(Tm + Tc) the correction factor. The universal values used
or the VFTH parameters are U* = 1500 cal/mol (6300 J/mol) and
0 = (Tg − 30) K [31]. In this study the Tg value of PP used was 270 K
32] and the equilibrium melting temperature Tm was set equal to
12.1 ◦C. This value found by Marand and coworkers [33] using non-
inear Hoffman–Weeks extrapolation. The kinetic parameter, Kg is
he term connected with the energy required for the formation of
he nuclei of critical size and can be expressed as

g = nb��eTm

�hf kB
(6)

here n is the variable that considers the crystallization regime
nd assumes the value n = 4 for regimes I and III and n = 2 for
egime II [34]. In the present work, the crystallization is assumed
o take place in regime III according to Marand and coworkers
33], b is the distance between two adjacent fold planes taken as
.26 × 10−10 m assuming (1 1 0) growth front [33], � and �e are lat-
ral and fold surface free energies, kB is the Boltzmann constant
kB = 1.38 × 10−23 J/K), �hf = 1.93 × 108 is the heat of fusion per unit

olume of crystal [35]. The nucleation parameter, Kg, can be calcu-
ated from Eq. (5) using double logarithmic transformation:

n G +
[

U∗
R(Tc − T∞)

]
= ln G0

[
− Kg

Tc �Tf

]
(7)

ig. 9. Melting DSC curves of (a) PP and (b) PPL5 at different crystallization temper-
tures.

Table 3
Interfacial free energies (�e) and kinetic parameter (Kg) under isothermal crystal-
lization process.

Kg (105 K2) �e (erg/cm2)

PP 10.21 125.3

PPL1 9.57 108.4
PPL3 8.85 94.2
PPL5 7.91 87.8

The plots of ln G + U*/(R(Tc − T∞)) versus 1/(Tc − Tf) are shown in
Fig. 10 and shows that the experimental data can be reasonably
fitted with straight lines. From the slope the value of Kg can be
obtained. Eq. (6) were used to estimate the surface free energy
(�e) and summarized in Table 3. There is clear tendency for �e to
decrease with as the LDH content is increased. As it is well known,
a foreign surface frequently reduces the nucleus size needed for
crystal growth. The decrease of �e could indicate an increase in
the entropy of folding and therefore the formation of less homoge-
neous and regular folding surface. As the composites have a higher
melt viscosity than neat PP, the chain movements are restricted
during crystallization and will form a less regular folding pattern
in the crystals. Based on the results of PP/LDH nanocomposites we
conclude that the addition of LDH at nanometric level reduces the
creation of new surface, hence leading to faster crystallization rate.

4. Conclusion

The PP/LDH hybrid nanocomposites were prepared by melt
intercalation method using PP-g-MA as a compatabilizer. The effect
of LDH nanolayers on the crystal structure and isothermal crys-
tallization behavior of PP in their nanocomposites were studied.
It is observed that the addition of LDH remarkably affected the
crystallization and melting behavior of PP/LDH hybrids. Kinetic
parameters obtained from Avrami equation provided an adequate
description of the isothermal crystallization behavior of PP/LDH
nanocomposites. The values of Avrami exponent n varies from 2 to
2.5 for neat PP and PP/LDH nanocomposites, suggesting spherulitic
crystal growth mechanism with heterogeneous nucleation. X-ray
diffraction results indicated that the PP nanocomposites corre-

spond to monoclinic �-form which implies the addition of LDH
does not change the overall crystalline structure of PP. However, a
slight decrease in microcrystalline dimensions is observed in case
of PP/LDH hybrids. The melting behavior of PP is altered by addi-
tion of LDH, a significant increase and dual melting endotherms
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