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Abstract The extent of organo-modified clay (C93A)

platelets dispersion in polymer matrix and crystallization

and melting behavior of iPP-based nanocomposites prepared

by a single-step melt-mixing method were investigated

by wide-angle X-ray diffraction (WAXD), transmission

(TEM), scanning electron microscopy (SEM), and differ-

ential scanning calorimetry (DSC). WAXD patterns

revealed exfoliated structure of nanocomposites containing

1 wt% clay, and mixed intercalated/exfoliated structure at

higher concentration of nanoclay. The isothermal crystalli-

zation proceeds faster in the matrix polymer (iPP/PP-g-MA)

than in nanocomposite samples. The results obtained for Tm
o

suggest that the presence of nanoclay has induced a perfec-

tion of the formed crystals. The presence of C93A particles in

PP leads to increase in crystallization peak temperature

implying nucleating ability of clay particles, which was more

pronounced in exfoliated than in mixed intercalated/exfoli-

ated system.

Keywords Crystallization � Organo-modified clay �
PP � Nanocomposites

Introduction

Polymer nanocomposites have received intense research

interest over the last decade due to the significant macro-

scopic material properties enhancement over neat polymers

and conventional composites, leading to superior

mechanical properties, improved flammability resistance,

and barrier properties toward different gases [1–7]. These

materials based on nanometer-sized particles dispersed in

polymer matrices can be produced by different methods,

such as in situ polymerization, solution mixing, melt

compounding [8], and, recently developed new latex

technique [9, 10].

Among the different nanoparticles used in polymer

nanocomposites as reinforcement, layered silicates (clay)

have been widely studied primarily because of significant

enhancement in properties due to their large aspect ratio

[11], negative surface charge (cation-exchange capacity)

(CEC), layer morphology, sticky behavior, and swelling

characteristics, and are regarded as hydrophobic colloids of

the constant-charge type [12, 13].

The properties of polymer/clay nanocomposites (PCN)

are greatly affected by the complex mechanism of disper-

sion of silicate layers into the polymer matrix [14, 15]. The

key factors for the preparation of enhanced performance
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nanomaterials are a homogeneous distribution of nano-

particles within the polymer matrix, and a strong interfacial

adhesion between matrix and nanofiller. Uniform disper-

sion of the nanometer particles offers a major specific

surface area enhancement, compared with conventional

reinforcements of micrometer size [16].

Preparation of thermoplastic CNs by melt mixing using

extrusion process remains the solution of choice, especially

with commodity thermoplastics polyolefins as polypro-

pylenes (PP), which are of great interest for the automotive

industry. However, melt-mixed PP-based nanocomposites

remain still an important challenge since the complete

dispersion of clay in single platelets (exfoliation) has not

been successfully achieved yet; the usual result, instead, is

rather poor intercalation, where the layered silicate remains

in stacks with expanded galleries [17]. The use of coupling

agents mainly based on maleic anhydride-grafted PP (PP-g-

MA), type and content of clay intercalant (clay organic

modification), and high coupling agent-to-clay ratio have

been shown to significantly improve clay intercalation and

its dispersion in a polymer matrix [18].

It should be mentioned that the physical mechanical

properties are not the only aspect of this class of polymer-

based materials, which undergo changes. The structure of

the polymer and its thermal behavior also vary significantly

as a consequence of addition of the filler, the compatibi-

lizing and processing agent, as well as interaction between

compatibilizing agent and matrix polymer (iPP) [19, 20].

The incorporation of layered silicates acting as effective

heterogeneous nucleating agents into polymer matrix could

impact the crystallization properties causing decrease of

the interfacial free-energy, increase of nucleation rate,

crystallization temperature, and decreases in scanning the

spherulite size [21].

In this article, we report the effects of clay platelets and

compatibilizer on the nanocomposites structure in terms of

clay dispersion in polymer matrix, morphology, and crys-

tallization behavior. Isotactic polypropylene/organo-

modified layered silicate nanocomposites were prepared

via single-step melt-mixing procedure, using PP-g-MA as

compatibilizer, and the composites were analyzed by wide-

angle X-ray diffraction (WAXD), scannig/transmission

electron microscopy (SEM/TEM), polarizing optical

microscopy (POM), and differential scanning calorimetry

(DSC). Our previous investigation of thermal behavior of

these composites carried out by TG/DTG method [22]

exposed significant difference between thermal and

thermo-oxidative stabilities of the examined nanocompos-

ites, due to the different degradation mechanisms taking

place during heating. Significant prolongation of oxidation

induction time (measured at 200 �C) for nanocomposites in

the presence of even 1% organo-modified clay, has been

found.

Experimental

Materials

The isotactic polypropylene (iPP) matrix used was a homo-

polymer (Borclean HB300BF, Borealis) with Mw =

608 kg mol-1, MFI = 2.5 g/10 min (230 �C, 2.16 kg), and

a density of 0.91 g cm-3 supplied from COST Action P12:

WG3-Polymer Bank [23]. Maleic anhydride-grafted PP

(PP-g-MA, with MA content = 0.6 wt%, MFI = 115 at

190 �C/2.16 kg and a density of 0.95 g cm-3), supplied by

Aldrich is used as compatibilizer for promoting exfoliation

of the organoclay, Cloisite C93A (Southern Clay Products,

Inc) with a CEC of 90 meq/100 g clay, organically modified

with ternary ammonium salt.

Preparation of nanocomposites

The iPP nanocomposites were obtained by direct melt

mixing of the components in recirculating co-rotating twin-

screw micro-extruder with a volume of 5 cm3, made by

DSM (The Netherlands), at 190 �C and 300 rpm for

30 min. The clay concentrations of 1 and 3 wt% were used

for C93A-based nanocomposites, and fixed concentration

of 10 wt% PP-g-MA. Neat iPP, iPP/PP-g-MA, and iPP/PP-

g-MA/C93A nanocomposites (PCN) were compression-

molded in a Collin Press 300G at 180 �C for 2 min without

any applied pressure. After this period, a pressure of

100 bars was applied for 3 min and fast cooled to room

temperature by press plates containing coils for water.

Films of 100–300 lm were produced for further analyses

by WAXD, POM, SEM/TEM, and DSC.

Characterization methods

Wide-angle X-ray diffraction analysis was performed on a

Rigaku D/Max-B diffractometer (Japan), equipped with

nickel-filtered CuKa1 (k = 1.54056 Å) radiation source

operated at 40 kV and 25 mA. Corresponding data were

collected at step scan rates of 0.02 and 1� min-1 in the

range 2h = 1.1–27� for clay particles and nanocomposite

samples. The measurements were made on samples pre-

pared by compression molding. Analysis of the WAXD

patterns was done using basic peak fitting with Gaussian–

Lorentzian function after background subtraction. The

crystallite’s size, Lhkl of iPP and nanocomposites were

calculated from the peak broadening according to the

Scherrer equation [18]:

Lhkl ¼ Kk=bo cos h ð1Þ

where Lhkl is crystallite size perpendicular to reflection

plane (hkl) (nm), h is Bragg angle, k is wavelength of

X-ray used (nm), bo is half-high width of diffraction peaks
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(rad), K is shape factor of crystallite size, K = 0.9. The total

crystallinity was obtained as a ratio of the integrated

intensities under the crystalline peaks (Ac) and the inte-

grated total intensities (Aa ? Ac).

Polarizing optical microscopy (POM) was performed

using a Leitz Biomed microscope equipped with a hot-stage

(-20/350 �C) and a photo camera (Nicon-800). Extremely

thin slices (ca. 0.02 mm) were cut from compression molded

samples, inserted between two microscope slides (18 9

18 mm), melted up to 205 �C, and kept at this temperature

for 5 min to erase the thermal history of the sample. Then, the

samples were cooled down to a given crystallization tem-

perature, Tc and were allowed to crystallize isothermally.

Photomicrographs of growing spherulites were taken at

appropriate time intervals.

Transmission electron microscopy observation was

performed on Tecnai 20 operated in bright-field mode at

200 kV. Ultrathin sections of the PP/clay nanocomposite

samples with a thickness of approximately 90 nm stained

with RuO4 solution were prepared at room temperature

using an ultramicrotome Reichert–Jung Ultracut E equip-

ped with a diamond knife. The sections were transferred

dry to carbon-coated Cu grids of 200 meshes.

Scanning electron microscopy of iPP/C93A nanocom-

posites was performed using a Quanta 3D FEG (Fei Co.)

equipped with a field-emission gun. High vacuum condi-

tions were applied, and a secondary electron detector was

used for image acquisition. No additional sample treatment

such as surface etching or coating with a conductive layer

has been applied before surface scanning. Standard acqui-

sition conditions for charge contrast imaging were used.

Differential scanning calorimetry analysis was per-

formed under nitrogen using DSC-7 analyzer (Perkin

Elmer). In isothermal regime, 5 mg of a sample was rapidly

heated to 220 �C, and the molten state was held 10 min to

erase the thermal history of the polymer. Then, the sample

was cooled at the maximum rate (200 �C) to the given

crystallization temperature (Tc), and crystallization was

carried out until it was completed. After crystallization at

predetermined temperature (Tc), the samples were reheated

to reach the melting state at a range of 10 �C min-1 so that

the melting temperature is determined. The equilibrium

melting temperature, Tm
o, was determined by the Hoffman–

Weeks equation [24]:

Tm ¼ Tm
o 1� 1=cð Þ þ Tc=c ð2Þ

where Tm
o is the equilibrium melting temperature, which

signifies the kinetic driving force for crystallization of a

crystallizable polymer, and c is a constant which depends

on the ratio of the final thickness of the crystalline lamellae

at time t and the initial thickness.

Straight lines are obtained when the observed melt-

ing temperature are plotted against the crystallization

temperature, Tc, and on observing the intersection of this

line with a line having a slope equal to unity (Tc = Tm).

Nonisothermal crystallization was carried out at different

cooling rates, b (5–20 �C min-1) to analyze the effects of

clay on the crystallization kinetics.

Results and discussion

WAXD analysis

WAXD technique is usually used for studying the formation

of nanocomposites structure by measuring clay interlayer

spacing (d001) from the 2h position of the clay (001) dif-

fraction peak in iPP matrix using Bragg’s law. The results of

WAXD patterns in the range 2h = 1.3–10� for C93A, iPP/

PP-g-MA/C93A nanocomposite, containing 1 and 3 wt%

C93A, and iPP/C93A 1 wt% without PP-g-MA are shown in

Fig. 1a. The X-ray diffraction analysis performed on the

organically modified clay showed peak at 2h * 3.52�
(curve a), corresponding to basal spacing of silicate galleries

of 25.1 Å
´

. In order to investigate the effect of compatibilizer

(PP-g-MA) on the dispersion of clay layers in iPP matrix the

diffractogram of iPP/C93A 1 wt% nanocomposite without

PP-g-MA is also shown (Fig. 1a, curve d). It is clear that the

presence of compatibilizer significantly improves their

interaction with the matrix leading to better dispersion of the

clay. As can be seen from curve d, the characteristic peak of

C93A (see curve a), although still intensive, was shifted to a

lower value of 2h * 2.84�, indicating the increase of clay

basal spacing due to intercalation of polymer chains into

silicate galleries. Similar behavior has been found in melt-

mixed iPP/Cloisite 15A system where the clay aggregates

have been sheared off and broken down into large stacks; in

the presence of PP-g-MA, a diffusion process was observed

in addition to the shear effect [18].

The absence of clay diffraction peak in the samples with

iPP/PP-g-MA matrix and 1 wt% C93A indicates possible

clay exfoliation (curve b). This may be a result of strong

interaction between polar groups of PP-g-MA molecules

and the silicate layer. Similar conclusions from the results

of WAXD investigations based on similar traces have been

drawn by other research groups [25]. In nanocomposite

with 3% C93A (curve c) containing maleic anhydride,

WAXD curve showed the presence of a broader diffraction

peak appearing at higher 2h-value, although the main clay

peak disappeared. Considering the position of this peak, a

possible coalescence of clay platelets can be supposed. It is

possible that during processing, either some alkyl chains of

surfactant have been degraded, or that chemical reaction

between the surfactant and one of the components of the

composites has proceeded [25], and as a result, the inter-

layer spacing has become lower [26].
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From the above mentioned, it should be concluded that

WAXD patterns indicate the formation of possible exfoli-

ated structure of nanocomposites containing 1 wt% clay,

and mixed intercalated/exfoliated structure at higher con-

centration of nanoclay (3 wt% clay).

The effect of PP-g-MA and clay on the crystalline

morphology of iPP as evaluated by WAXD in the 2h range of

10–27� is presented in Fig. 1b. As shown in this figure, sig-

nificant difference in relative intensities of the peaks a (110)

and a (040) for the neat iPP matrix and the nanocomposites

containing 1 and 3 wt% C93A was observed, but the peak

position of the crystal planes did not shift with addition of

C93A. This indicates that the typical pattern of a-crystalline

iPP is not significantly affected by the presence of nanoclay.

The characteristic reflection peak at 2h * 15.77� in the

matrix iPP and nanocomposite sample (1 wt% clay) corre-

sponds to the (300) reflection of b-iPP [27]. Investigation of

the peculiarities of crystalline morphology of iPP (the weak b
nucleation effect of iPP) in the presence of higher amount of

C93A (disappearance of the characteristic peak for iPP at

2h * 15.77� and, correspondingly, appearance of a shoulder

peak for nanocomposite containing 3 wt% C93A at the same

2h) will be a subject of our further investigation. However, the

presence of clay particles has probably resulted in the change

of spatial confinement of the silicate layers, which signifi-

cantly affects different crystallization ability of the matrix PP,

and development of certain content of b-PP in the nanocom-

posite [28]. The results of WAXD analysis of neat iPP and

nanocomposites are given in Table 1.

As can be seen from Table 1, crystallite’s sizes

perpendicular to the crystal planes (110) and (040) in

nanocomposites are slightly increased, whereas unchanged

values are calculated for (130) crystal plane. For nano-

composite containing 3 wt% C93A, the value of the overall

degree of crystallinity is increased by *10% when com-

pared to the neat iPP.

Polarized optical microscopy was used to compare the

crystal morphology of PP nanocomposites developed dur-

ing isothermal crystallization at various Tc. All the nano-

composite samples, as well as iPP/PP-g-MA (Fig. 2), were

found to crystallize into spherulitic morphology similar to

that of neat iPP, exhibiting a typical Maltese cross

extinction [29]. However, the first visible nuclei of iPP/

PP-g-MA appearing in the initial stage of growth are

beanlike (Fig. 2a). Also, it was observed that the nucleation

density decreases as Tc increased from 118 to 130 �C, in

agreement with kinetic theory of crystallization [30, 31].

When spherulites nucleated at the beginning of crys-

tallization in nanocomposite film reach considerable size,

new spherulites are suddenly nucleated in the melt between

them. Thus, the system consists of two different popula-

tions: one composed of large spherulites nucleated in the

beginning of crystallization and other—of small spherulites

nucleated later. As a result of this, at the end of crystalli-

zation voids are formed (Fig. 2c).

Morphological analysis by SEM/TEM

SEM micrographs of iPP/PP-g-MA/C93A 1 and 3 wt%

nanocomposite samples at different magnification are
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Fig. 1 WAXD patterns of a Cloisite C93A (a), iPP/PP-g-MA/C93A

1 wt% (b), iPP/PP-g-MA/C93A 3 wt% (c), and iPP/C93A 1 wt%

(without PP-g-MA) (d) nanocomposite in the range 2h = 1–10�,

b neat iPP (a), iPP/PP-g-MA/C93A 1 wt% (b), and iPP/PP-g-MA/

C93A 3 wt% (c) in the range 2h = 10–27�

Table 1 Crystallite’s size and overall crystallinity of iPP and iPP/PP-

g-MA/C93A nanocomposites

Sample L110/nm L040/nm L130/nm Xc/%

Neat iPP 11.1 14.0 15.5 62.4

iPP/PP-g-MA/C93A (1 wt%) 11.4 14.6 15.5 62.7

iPP/PP-g-MA/C93A (3 wt%) 12.5 14.6 15.5 69.1
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shown in Fig. 3a, b. It is evident that for nanocomposite

sample with 1 wt% C93A, there is no contrast between clay

and iPP matrix, which indicates the absence of particularly

big aggregates (Fig. 3a). On the contrary, in nanocom-

posite with 3% C93A an aggregation is seen from SEM

micrographs, thus confirming an assumption obtained from

WAXS analysis (existence of mixed intercalated/exfoliated

structure). The appearance of holes visible in some regions

of the both nanocomposite samples might be an indication

on good interfacial adhesion achieved between clay layers

and maleic anhydride-modified iPP matrix.

Transmission electron microscopy supplements the

WAXD and SEM techniques by the direct observation of

the state of dispersion of clay platelets in the composites,

since WAXD and SEM cannot provide complete informa-

tion regarding the microstructure formation and the dis-

semination of clay particles inside the iPP matrix. Figure 4

shows the bright-field TEM micrographs of clay particles

C93A in iPP/PP-g-MA matrix at clay loading of 1 wt%, at

low and high magnification (Fig. 4a, b). The dark areas in

TEM images represent the clay particles and the gray ones

the continuous iPP matrix. As can be seen, fine and

homogeneous dispersion of the clay is achieved (a), and

transcrystalline organization of iPP lamellae in the sample

with 1 wt% C93A is clearly evident (b). The bands corre-

spond to the iPP crystal lamellae and can be seen to have

much higher density around the nucleating clay layers than

in the polymer-rich area, and extending in various direc-

tions without preferential orientation. Zheng et al. [32]

reported that at lower clay contents, when clay is well

exfoliated, the clay layers can be easily oriented with

compression because of their large aspect ratio. However,

when clay content is higher, the clay orientation is more

difficult because of the reduced aspect ratio of clay, which

would lead to more isotropic arrangement of PP crystallites.

The subject of transcrystallinity has also been addressed

for nanocomposite systems based on nylon-6 [33], poly-

ethylene [34, 35], poly(vinyl alcohol) [36], and other

semicrystalline polymers showing that it might well

Fig. 2 POM micrographs of

iPP/PP-g-MA (a), PP/PP-g-MA/

C93A nanocomposite 3 wt%

(b, c) crystallized isothermally

at 124 �C (magnification 2009)

Fig. 3 SEM micrographs of iPP/PP-g-MA/C93A nanocomposites

with 1 wt% (a) and 3 wt% clay (b) at different magnification 2000

and 200009, respectively
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concern a general phenomenon rather than being restricted

to a few specific matrix materials. For this reason, and in

view of the extremely high specific surface area provided

by the nanofillers, the formation of an ordered crystalline

interface may also be of prime important technological

relevance, as it was, for instance, recognized that the nature

of the interface plays a fundamental role in the reinforce-

ment mechanism [37, 38].

The overall nanocomposite morphology can be regarded

as a multiphase structure, consisting of individually dis-

persed filler particles, and a surrounding transcrystalline

interphase in which polymer chains display a reduced

segmental mobility. This conclusion is derived based on

the investigation of glass transition temperature (Tg) of

nanocomposites, derived as a maximum of the transition

tan d versus temperature during dynamic mechanical

analysis carried out in tension mode in the temperature

range from -50 to 150 �C. The decreased value of Tg

(8.1 �C) of iPP matrix for sample containing 1 wt% of

C93A compared to neat iPP (12.1 �C) is in agreement with

the fact that the addition of clay particles influences the

mobility of polymer chains [39].

DSC isothermal crystallization

For a better understanding of the interaction between clay

particles and the surrounding iPP/PP-g-MA matrix, we

have performed DSC isothermal crystallization experi-

ments carried out in the temperature range of Tc = 118–

130 �C. Crystal conversions of the neat iPP, iPP/PP-g-MA,

and iPP/PP-g-MA/C93A nanocomposites were determined,

and the results for Tc = 127 �C are presented in Fig. 5.

From Fig. 5, one can see that the isothermal crystallization

of the matrix polymer (iPP/PP-g-MA) proceeds faster than

in the nanocomposite samples. For the investigated sam-

ples. a similar behavior was also found in the whole Tc’s

range. The presence of PP-g-MA in a matrix polymer has

enhanced the crystallization, and this is in agreement with

our previous results, in which an improved nucleation

ability of iPP, containing even significantly lower content

of PP-g-MA, was found as a consequence of reduced

critical dimensions of growing nuclei, the effect being

ascribed to the presence of carbonyl groups in the polymer

backbone [29, 40, 41].

Many reports of iPP/PP-g-MA/clay nanocomposites

have appeared in the literature showing the effect of the

clay intercalation/exfoliation on the crystallization behav-

ior [7, 19, 42], and they are, often, still controversial. Most

researchers [43, 44] observed an increase in crystallization

rate, while other groups reported that the filler slowed it

down [45], or had no effect [46] on the kinetics. Svoboda

et al. [7] found that acceleration of isothermal crystalliza-

tion proceeds only in nanocomposite systems containing

the clay tactoids (intercalated system), while no nucleation

ability of montmorillonite (MMT) was found in systems

with exfoliated clay. Similar results were reported by Kim

et al. [42] who observed an increase in the crystallization

Fig. 4 TEM bright-field micrograph of iPP/PP-g-MA/C93A (1 wt%)

nanocomposites at different magnification (a, b). White arrows
indicate the presence of transcrystalline organization of the PP

lamellae with different orientation around the clay layers
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Fig. 5 Crystal conversion curves of the iPP (filled square), iPP/PP-g-

MA (open triangle), iPP/PP-g-MA/C93A 1% (open diamond), and

iPP/PP-g-MA/C93A 3% (inversted closed triangle) nanocomposites

crystallized at Tc = 127 �C
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rate for agglomerated/intercalated systems, while exfoli-

ated nanocomposites crystallized more slowly than neat

polymer. This was ascribed not only to a diffusion barrier

enacted by clay layers, but also to the release of the organic

modifier that might hinder crystallization.

The DSC melting behavior at a heating rate of

10 �C min-1 of isothermally crystallized samples was

investigated. Figure 6 shows the melting traces for the iPP

nanocomposites containing 1 and 3 wt% C93A and iPP/PP-

g-MA matrix, respectively.

The presence of clay particles did not induce significant

changes in melting behavior of the matrix after isothermal

crystallization at given Tc showing no shift in the melting

temperature. In nanocomposite samples, a weak melting

shoulder (more pronounced at lower clay loading) can be

observed at ~150 �C, indicating the presence of small

amount of b-modification of iPP, previously confirmed by

the weak reflection peak (300) in WAXD results (Fig. 1b).

The obtained values of full width at half-high (DW) of

melting peak (melting after isothermal crystallization car-

ried out in temperature range from 118 to 130 �C) of iPP/

PP-g-MA are higher compared to those of neat iPP, sug-

gesting the broader distribution of the crystal dimensions.

However, for nanocomposite samples, a decrease of DW

compared to those of the matrix was determined, sug-

gesting more uniform distribution of the crystal’s dimen-

sions caused by the presence of the clay.

Furthermore, the degree of crystallinity, calculated from

the enthalpy of melting (DHm = 104 and 105 J g-1 for

nanocomposites containing 1 and 3 wt% C93A, respec-

tively) compared to that of neat iPP (DHm = 104 J g-1),

remains practically unchanged with the addition of clay.

This is not particularly surprising, since nucleating agents

actually do not affect crystallinity to a large extent.

The melting temperatures Tm as a function of crystalli-

zation temperatures Tc for neat iPP and the iPP/PP-g-MA/

clay nanocomposites are reported in Fig. 7. The values of

Tm
o and c constant were calculated by extrapolation of the

Tm versus Tc line to the line of equation Tm = Tc and from

the slope. The obtained values of Tm
o and c constant are

shown in Table 2.

As can be seen from Table 2, the Tm
o value for iPP/PP-

g-MA sample decreases compared with neat iPP, indicating

an increase of the number of defects between iPP lamellae

which appeared with the presence of MA groups. For

nanocomposites, the addition of clay has resulted in similar

values for Tm
o compared with neat PP but slightly higher

compared to iPP/PP-g-MA, suggesting that Tm
o depends

predominantly on the matrix material. This phenomenon

might result from the nucleation effect of the clay, con-

firmed also by the lower values of c constant found for the

both composites.

The literature data for the equilibrium melting tem-

peratures of iPP differ and are in the range from 185 to
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Fig. 6 Melting curves of the iPP/PP-g-MA (a), iPP/PP-g-MA/C93A

1% (b), and iPP/PP-g-MA/C93A 3% (c) nanocomposites after

isothermal crystallization at Tc = 127 �C
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Fig. 7 Melting temperatures, Tm as a function of crystallization

temperature, Tc for iPP, iPP/PP-g-MA, and its nanocomposites (1 and

3 wt% clay)

Table 2 Equilibrium melting temperatures, Tm
o and c constant

calculated for neat iPP, iPP/PP-g-MA, and nanocomposites

Sample Tm
o/�C c

Neat iPP 182 3.3

iPP/PP-g-MA 178 3.8

iPP/PP-g-MA/C93A (1 wt%) 183 3.0

iPP/PP-g-MA/C93A (3 wt%) 182 3.4
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208 �C for a iPP with high isotacticity content [47].

Lower values of Tm
o and higher for c constant for iPP in

glass–fiber composites as the content of fibers increases

were also observed, indicating that increasing the filler

content increases the number of defects between iPP

lamellae [29]. A decrease of Tm
o by addition of MMT in

nanocomposite systems containing clay tactoids was

found by Svoboda et al. [7]. Kim et al. [42], and Causin

et al. [19] reported that both exfoliated and intercalated

nanocomposite systems were found to depress the Tm
o.

Maiti et al. [46] investigated intercalated PP-g-MA/

OMMT nanocomposites and found that OMMT has no

effect on Tm
o. An increase in Tm

o of exfoliated PP/clay

nanocomposites with respect to neat iPP was reported by

Ma et al. [43].

Non-isothermal crystallization

The DSC scans recorded during nonisothermal crystalli-

zation of investigated samples at cooling rates from 5 to

20 �C min-1 are given in Fig. 8. The obtained results

represent an evidence for a pronounced nucleation effect of

the clay: the crystallization from the melt of the system

containing 1% clay starts at higher temperatures as com-

pared to the matrix PP. The prominent formation of the

transcrystalline layer of iPP around clay platelets (see

Fig. 3b) in this system obviously demonstrates its potential

as nucleation agent.

Nucleating effect is more pronounced in nanocomposite

samples with 1% clay as compared to the one with 3%

clay, probably as a result of the increased interfacial area,

characteristic for exfoliated (1%) rather than mixed inter-

calated/exfoliated system (3%).

As shown in Fig. 8a, the addition of 1 wt% clay into PP

matrix causes the crystallization onset temperature (Tc,onset)

to increase from 127.7 to 129 �C (at cooling rate of

5 �C min-1), while no significant changes were observed

at higher clay content.

Similar tendency was also obtained for the higher

cooling rates of 10 and 20 �C min-1 (see Fig. 8b, c,

respectively). The fact that crystallization onset and peak

temperatures level off at higher clay content (3 wt% clay)

is indicative of some degree of nucleation saturation as a

result of an incomplete exfoliation implying that much of

outer surface of clay is inaccessible for crystal nucleation.

Saturation of the nucleating effect was observed for PP/

CNT (2 wt%) nanocomposites and was attributed to

agglomeration of the nucleating particles [37].

The increase in crystallization temperature of about

5 �C with addition of 3–5 wt% organo-modified clay was

5 °C min–1

d

c
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w
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Fig. 8 DSC patterns of neat iPP

(a), iPP/PP-g-MA (b), iPP/PP-g-

MA/C93A 1 wt% (c), and iPP/

PP-g-MA/C93A 3 wt% (d)

nanocomposites during

crystallization from quiescent

melt (at cooling rates 5, 10, and

20 �C min-1)
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also reported by other authors [46, 48, 49]. Xu et al. [48]

found higher crystallization temperature for PP/PP-g-MA/

O-MMT system than that of pure PP, which is explained in

terms of interactions between the carboxyl group of PP-g-

MA and clay particles. A number of studies have reported

that the role of compatibilizer in crystallization kinetics of

PP is likely to be minor, because increase of crystallization

rate has been observed both for compatibilized and non-

compatibilized systems [19, 45]. Perrin-Sarazin et al. [17]

noted that the kinetics of crystallization is not only related

to the clay content, but also depends on PP–clay interac-

tions: in the absence of the coupling agent, the crystalli-

zation of PP occurred at higher temperature and at a higher

rate than neat PP, but the crystallization behavior was

similar to neat PP when coupling agent was added. No-

wacki [50] suggested that only weak nucleating ability of

clay is expected during crystallization in quiescent condi-

tion, which is greatly enhanced during shear-induced

crystallization.

From the obtained curves, additional parameters, such as

the initial slope of the exotherm at inflection on the high-

temperature side, Si, and the full width at half height of the

exothermic peak, DW could be obtained for describing the

nonisothermal crystallization kinetics [51]. Based on these

parameters, the crystallization of neat iPP and iPP/PP-g-

MA at 5 �C min-1 seems to be faster (Si = 6.31 and

5.14 a.u., respectively) than that of the nanocomposites

(Si = 4.7 and 4.3 a.u., for 1 and 3 wt% C93A, respec-

tively), although it starts at higher temperature (earlier) for

the nanocomposite with 1% of clay.

The DW refers to the distribution of the forming crystal

dimensions; i.e., the smaller the DW, the narrower the

distribution. As we can see from Table 3, DW increases

with addition of nanoclay particles, which suggests the

broader distribution of the crystal dimensions in both

nanocomposite samples. It is also evident that the values of

DW are affected by the cooling rate: lower values of DW

are obtained during crystallization at lower cooling rates,

with addition of PP-g-MA and clay for all samples, indi-

cating the narrower distribution of the crystal dimensions

(Table 3).

According to our results, it could be concluded that

when clay was exfoliated, the effect was more pro-

nounced (the crystallization from the quiescent melt for

nanocomposite with 1 wt% C93A starts at higher temper-

atures compared to that of iPP/PP-g-MA) with respect to

that of mixed intercalated/exfoliated system (nanocom-

posite with 3 wt% C93A). It seems reasonable to assume

that the extent of the effect of polymer/clay interface on the

crystallization behavior is strongly linked to the interfacial

region between polymer and filler.

It should be mentioned, that the morphology of nano-

composites plays an important role in their thermal

stability, as measured by TGA: significant prolongation of

oxidation induction time (isothermal treatment at 200 �C in

air atmosphere) in polypropylene nanocomposites in the

presence of even 1% organo-modified clay (exfoliated

structure) compared to ones with 3 wt% clay (intercalated/

exfoliated structure) was observed. The difference in

induction time determined for these nanocomposites is

likely related to the different degree of dispersion of

nanofiller, as it was shown in our previous investigation

[22].

The melting behavior after nonisothermal crystallization

was found to be affected by the presence of clay particles

(Fig. 9). After crystallization at the same cooling rate, the

melting endotherms with addition of PP-g-MA and C93A

become broader, indicating on broader distribution of the

formed crystal dimensions.

Nonisothermal crystallization experiments generally

confirm the conclusion of isothermal crystallization

experiments: the addition of clay seems to decrease the

degree of crystallinity (especially at higher cooling rates)

as a result of low nucleating effect of clay platelets.

Table 3 DW of the crystallization peak during nonisothermal crys-

tallization of the matrix polymer and nanocomposites

Sample 5 �C min-1 10 �C min-1 20 �C min-1

PP 3.18 3.25 3.71

PP/MAH 3.36 3.81 4.33

PP/MAH/C93A 1 wt% 3.74 4.08 4.65

PP/MAH/C93A 3 wt% 4.39 4.42 4.79
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Fig. 9 Melting curves of neat iPP (a), iPP/PP-g-MA (b), iPP/PP-g-

MA/C93A 1% (c), and iPP/PP-g-MA/C93A 3%, (d) nanocomposites

after nonisothermal crystallization at 5 �C min-1
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Conclusions

Polypropylene nanocomposites with organo-modified lay-

ered silicate (C93A) and PP-g-MA as compatibilizer were

prepared by single-step melt-mixing procedure. The effects

of clay platelets and compatibilizer on the nanocomposite

structure in terms of clay dispersion in iPP matrix, mor-

phology, and crystallization behavior were studied. The

obtained results have shown that single-step mixing pro-

cedure leads to iPP nanocomposites with homogeneous

dispersion of organo-modified clay. WAXD patterns,

showing a small amount of b modification of iPP, revealed

exfoliated structure of nanocomposites containing 1 wt%

C93A, and mixed intercalated/exfoliated structure at higher

clay concentration (3 wt%). As confirmed by WAXD and

SEM analyses, the degree of intercalation/exfoliation was

improved by the addition of 10 wt% compatibilizator

(PP-g-MA). Investigation carried out by TEM technique

revealed existence of differently oriented transcrystalline

structures of polymer lamellae around clay layers. The

nanocomposites as well as iPP/PP-g-MA were found to

crystallize into spherulitic morphology similar to that of

neat iPP. The isothermal crystallization proceeds faster in

the matrix polymer (iPP/PP-g-MA) than in nanocomposite

samples. The results obtained for Tm
o suggest that the

presence of nanoclay has induced a perfection of

the formed crystals. During nonisothermal crystallization

the presence of C93A particles in iPP leads to increase in

crystallization peak temperature at a given cooling rate

implying a pronounced nucleating ability of clay particles.

This effect was more pronounced in exfoliated than in

mixed intercalated/exfoliated system.
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maleic anhydride-modified polypropylene as an adhesion pro-

moter for glass fiber composites. J Adhes Sci Technol. 2000;14:

363–80.

32. Zheng J, Lu X, Toh CL, Zheng TH, He C. Effects of clay on

polymorphism of polypropylene in polypropylene/clay nano-

composites. J Polym Sci B. 2004;42:1810–6.

33. Dasari A, Yu Z, Mai YW. Transcrystalline regions in the vicinity

of nanofillers in polyamide-6. Macromolecules. 2007;40:123–30.

34. Haggenmueller R, Fischer JE, Winey KI. Single wall carbon

nanotube/polyethylene nanocomposites: nucleating and templat-

ing polyethylene crystallites. Macromolecules. 2006;39:2964–71.

35. Trujillo M, Arnal ML, Muller AJ, Laredo E, Bredeau S, Bonduel

D, et al. Thermal and morphological characterization of nano-

composites prepared by in situ polymerization of high-density

polyethylene on carbon nanotubes. Macromolecules. 2007;40:

6268–76.

36. Cadek M, Coleman JN, Ryan KP, Nicolosi V, Bister G, Fonseca

A, et al. Reinforcement of polymers with carbon nanotubes: the

role of nanotube surface area. Nano Lett. 2004;4:353–6.

37. Miltner HE, Grossiord N, Lu K, Loos J, Koning CE, Van Mele B.

Isotactic polypropylene/carbon nanotube composites prepared by

latex technology. Thermal analysis of carbon nanotube-induced

nucleation. Macromolecules. 2008;41:5753–62.

38. Lu K, Grossiord N, Koning CE, Miltner HE, Van Mele B, Loos J.

Carbon nanotube/isotactic polypropylene composites prepared by

latex technology: morphology analysis of CNT-induced nucle-

ation. Macromolecules. 2008;41(21):8081–5.

39. COST Action P12. 2006. ‘‘Structuring of polymers’’, COST-

STSM-P12-02842. Scientific report. http://www.unirostock.de/

fakult/manafak/physik/poly/COST_P12/.

40. Bogoeva-Gaceva G, Janevski A, Mäder E. Characterization of a
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