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In this work, the influence on the morphology and viscoelastic behavior of polypropylene/clay 

nanocomposites of clay, in combination with different crystallization rates applied in compression mold-

ing, is reported. By deconvolution of differential scanning calorimetry (DSC) melting endotherms, it was 

found that the slowly cooled samples had slightly higher melting temperatures, and the crystal dimensions 

decreased progressively with the clay content; while, in contrast, the presence of clay particles had no in-

fluence on the crystal dimensions in fast-cooled samples. Dynamic mechanical thermal analysis (DMTA) 

has shown that above the glass transition temperature, nanocomposites obtained by slow cooling exhibit-

ed better mechanical response compared to the fast-cooled samples. The value of dynamic modulus E’ of 

slow-cooled samples increased by 55 % with addition of only 1 wt% clay, which was attributed to the 

better reinforcing effect achieved during prolonged time of crystallization.  
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ВЛИЈАНИЕ НА МОРФОЛОГИЈАТА НА МАТРИЦАТА ВРЗ ДИНАМИЧКО-МЕХАНИЧКИТЕ 

СВОЈСТВА НА НАНОКОМПОЗИТИТЕ ПОЛИПРОПИЛЕН/СЛОЕВИТИ СИЛИКАТИ 

 
Во овој труд е испитувано влијанието на глината врз морфологијата и вискоеластичните 

својства на нанокомпозитите полипропилен/глина добиени со пресување при примена на различни 

брзини на кристализација. Со деконволуција на ендотермите од диференцијалната скенирачка 

калориметрија (DSC), констатирано е дека бавно ладените примероци се одликуваат со 

незначително повисока температура на топење, а димензиите на кристалитите се намалуваат со 

количеството додадена глина, спротивно на примероците нагло ладени, кај кои присуството на 

глина нема влијание на димензиите на кристалитите. Динамичко-механичката анализа (DMTA) 

покажа дека над температурата на стаклосување првите поседуваат подобри механички 

карактеристики. Динамичкиот модул на овие примероци се зголемува за ~55 % со додаток на само 

1 % глина, што се припишува на постигнатиот подобар ефект на зајакнување на матрицата при 

продолженото време на кристализацијата.  

 

 Клучни зборови: полипропилен; глина; нанокомпозити; морфологија; DMTA 
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1. INTRODUCTION 

 

The properties of thermoplastic polymeric 

materials, including polymer nanocomposites, are 

greatly affected by their morphology. Improve-

ments in mechanical properties, dimensional stabil-

ity, and electrical, barrier and thermal properties, 

as well as fire retardant enhancements [1–5] are 

often reported for polypropylene (PP) nanocompo-

sites of different morphologies, caused by the pres-

ence of nanofillers such as carbon nanotubes [6–

10], layered silicates [11–15], silica, graphite and 

calcium carbonate [16–19].  

The studies on polymer-layered silicate 

nanocomposites have shown a significant change 

in the viscoelastic properties depending on the mi-

crostructure and the interfacial characteristics of 

the polymer systems [20–23]. Hoffmann et al. [20] 

and Lim and Park [21] reported that the linear vis-

coelastic properties of nanocomposites were great-

ly affected by the final dispersion state of clay in 

the polymer matrix. In particular, nanocomposites 

with the polymer chains end-tethered to the surface 

of the silicate showed significant change in viscoe-

lastic properties [22, 23]. It was also reported that 

the mechanical properties of the composites are 

affected by both plasticization and exfoliation. At 

low weight fraction of compatibilizer, the exfolia-

tion effect was more significant, thus leading to 

enhanced mechanical properties. However, the ef-

fect of exfoliation becomes less pronounced with 

higher amounts of compatibilizer, as the low-

molecular-weight compatibilizer plasticizes the 

matrix, thus reducing the modulus, even though the 

extent of delamination of the silicate is increased 

[24]. 

Dynamic mechanical analysis (DMA) has 

been extensively used to measure the response of a 

given material to a cyclic deformation as a function 

of temperature. A wide range of values for the 

storage modulus (E’), corresponding to the elastic 

response to the deformation, the loss modulus (E”), 

corresponding to the plastic response to the defor-

mation, and tanδ, which is the ratio of the elastic to 

loss modulus, have been reported for different pol-

ymer/clay systems [25–28]. The dynamic mechan-

ical response of PP/clay nanocomposites has been 

analyzed by many authors. In most cases [29–39] it 

has been shown that the addition of nanoclays in-

creases the storage modulus of the material. How-

ever, contradictory results were found with respect 

to the glass transition temperature; in most of these 

works, Tg was found to be practically unaffected 

by the presence of clays. An increase in Tg was 

reported for PP-based nanocomposites [35, 38], 

whereas on the contrary, significantly decreased Tg 

was reported in [39]. The characteristics of , , 

and  relaxations, and the activation energy of  

relaxation of PP in PP/clay nanocomposites, have 

been analyzed by Velasco et al. [40]. It has been 

observed that , , and  relaxations of PP depend 

strongly on the interaction between the different 

phases in the nanocomposites. In general, 

achievement of a predominantly exfoliated micro-

structure usually resulted in the greatest improve-

ment of dynamic-mechanical properties (the high-

est storage modulus and the lowest loss factor val-

ues) [41]. 

The majority of the studies of PP/clay nano-

composites are focused on the fabrication methods 

and conditions of the composites, and on the prop-

erties affected by the distribution and size of the 

filler particles within the polymer matrix. Recently, 

a specially designed hyperbolical nozzle was used 

to induce elongational flow for better mechanical 

properties in injection molded PP/clay nanocom-

posites [42]. A novel one-pot preparation method 

of extrusion, combined with water injection, was 

proposed for high clay dispersion into a PP-g-

MAH matrix [43]. Water-assisted extrusion of 

PP/clay nanocomposites at different conditions, 

including high shear rates, was investigated [44, 

45], and the best mechanical and thermal proper-

ties were achieved when the clay was mixed in the 

slurry state, due to the highest level of dispersion 

reached by the synergistic effect of water, and high 

shear rates [45]. The effect of multiple extrusions 

on the impact properties of PP/clay nanocompo-

sites was investigated by Klitkou et al. [46]. Dif-

ferent conditions and equipment for extrusion and 

injection molding were proposed in the literature to 

alter the tensile strength and modulus, fatigue 

properties, and fracture and thermal behavior of 

PP/clay nanocomposites [47–53].  

However, the effect of polymer crystalline 

structure developed under extremely different crys-

tallization conditions of PP nanocomposites has, to 

our knowledge, been poorly investigated [54]. In 

our previous work we have shown that the melt 

extrusion of maleic anhydride-modified PP and 

organo-clay enables production of clay nanocom-

posites with both exfoliated and mixed exfoliat-

ed/intercalated structure, and that depending on the 

amount of clay and the processing conditions, the 

polymer exhibits different crystalline structure 

[55]. The goal of this research is to determine the 

morphological peculiarities and viscoelastic behav-

ior of PP/clay nanocomposites produced via melt 

blending followed by (i) slow and (ii) fast cooling 

in the compression molding cycle. 
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2. EXPERIMENTAL 

 

2.1. Materials  
 

The isotactic polypropylene (iPP) used as a 

matrix in the nanocomposites was a homopolymer 

(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

. It was kindly supplied by 

COST Action P12: WG3-Polymer Bank 

[www.unirostock.de/fakult/manafak/physik/poly/C

OST_P12/]. 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

), sup-

plied by Aldrich, was used as compatibilizer for 

promoting exfoliation of the organoclay, Cloisite 

C93A (Southern Clay Products, Inc), with a cation-

exchange capacity (CEC) of 90 meq/100 g clay, 

organically modified with ternary ammonium salt. 

 
2.2. Preparation of iPP/clay nanocomposites 

 

The preparation of nanocomposites is de-

scribed in detail elsewhere [55–57]. Briefly, the 

first step was direct-melt mixing of the compo-

nents (iPP, 10 w/w % compatibilizer and 1–3 w/w 

% clay) in a recirculating co-rotating twin-screw 

micro-extruder, followed by compression-molding 

at 180  °C for 2 min with no applied pressure. After 

this period, a pressure of 100 bars was applied for 

3 min. Then, by altering the cooling rate during 

compression molding, two types of nanocomposite 

samples were produced. The cooling rate of about 

15 °C min
–1

 was achieved by cooling the press 

plate with water (samples assigned as fast-cooled, 

FC) and the rate of about 1 °C min
–1

 was attained 

by cooling down the samples outside the press to 

room temperature (samples assigned as slow-

cooled, SC); samples with 1, 2 and 3 w/w % clay 

were assigned as C1, C2 and C3 nanocomposites, 

respectively. For further analyses by SEM/TEM, 

DSC and DMTA, nanocomposite films with thick-

ness of 100–300 m were produced. 
 

 

3. CHARACTERIZATION METHODS 

 
3.1. Scanning electron microscopy (SEM) 
 

SEM analysis of PP/PP-g-MA/C93A com-

posite was performed using a Quanta 3D FEG mi-

croscope (Fei Co.), equipped with a field-emission 

gun. High-vacuum conditions 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 was applied before surface scanning. 
 

3.2. Transmission electron microscopy (TEM) 
 

The dispersion of the clay particles in the 

polymer matrix was checked by using TEM (Tec-

nai 20), operated in bright-field mode at 200 kV. 

Ultrathin sections of the samples, with a thickness 

of approximately 90 nm, were prepared at room 

temperature using an ultramicrotome Reichert-

Jung Ultracut E equipped with a diamond knife. 

The sections were transferred dry to carbon-coated 

Cu grids of 200 mesh.  

 

3.3. Differential scanning calorimetry 
 

The melting behavior of investigated sam-
ples was determined by differential scanning calo-
rimetry (DSC). The DSC experiments were per-
formed using a DSC-7 analyzer (Perkin Elmer). 
The samples, with a mass of about 5 mg, were 
heated from 25 to 200 °C at a heating rate of 10 °C 
min

–1 
in inert nitrogen atmosphere. A curve-fitting 

analysis of the melting curves was carried out in 
order better to determine the overlapping peak po-
sitions and areas. Deconvolution was done by us-
ing a Gaussian function.  

 

3.4. Dynamic mechanical thermal analysis 

(DMTA) 
 

Dynamic mechanical analysis of neat PP and 

PP/PP-MA/clay nanocomposites was performed on 

a TA Instruments DMAQ800 machine, fitted with 

a tensile testing head, and corresponding viscoelas-

tic properties were determined as a function of 

temperature. A rectangular strip was cut from the 

compression-molded films. The system was auto-

matically cooled to –50 °C, and then heated at a 

rate of 3 °C min
–1

 to 150 °C under nitrogen flow. 

The samples were scanned at fixed frequency of 1 

Hz and amplitude of 10 m. A static force of 10 

mN was applied to ensure that the sample was taut 

between the tensile grips. The force was kept con-

stant during the test to allow shrinkage of the sam-

ple during testing. 

 
4. RESULTS AND DISCUSSION 

 

4.1. Morphological analysis 
 

As revealed by our previous WAXD analy-

sis [55], different polymer morphologies of 

PP/clay nanocomposites are developed by altering 

the cooling rate in the compression molding cycle. 
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Better intercalation has been achieved for nano-

composites produced by a slow cooling procedure, 

even in the absence of compatibilizer (PP-g-MA). 

Also, the extent of intercalation/exfoliation and 

stacking of the clay particles in the polymer matrix 

were controlled by the amount of clay, indicating 

formation of exfoliated (at low clay content, 1 w/w 

%) and mixed intercalated/exfoliated structure (at 

higher clay content).  

Figure 1 shows SEM images of the surface 

of PP/PP-MA/clay nanocomposite containing 1 

and 3 w/w % clay. Obviously, a good dispersion of 

clay was attained in both cases, without evidence 

of particle aggregation. 
 

 

  
 

Fig 1. SEM micrographs of PP/PP-MA/clay nanocomposite with  

(a) 1 w/w % and (b)3 w/w %  clay  
 

 

Figure 2 shows TEM bright-field images of 

the sample with 1 w/w % clay at low and high 

magnification. A fine and uniform dispersion of 

the clay particles in a polymer matrix is seen, 

whereas a transcrystalline organization of iPP la-

mellae around the clay layers is evident; some 

stacked silicate layers are also observed. The for-

mation of an ordered crystalline polymer/filler in-

terface may be of prime importance and technolog-

ical relevance, as it was, for instance, recognized 

that the nature of the interface plays a fundamental 

role not only for nucleation but also in the rein-

forcement mechanism [58, 59].  

 

 

  
 

Fig 2. TEM bright-field micrograph of nanocomposite with 1w/w % clay at different magnifications (a, b).  

The dark lines are the cross sections of silicate layers and the bright area are the modified polymer matrix 
 

a b 
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4.2. DSC analysis 
 

Melting behavior. DSC melting thermograms 

(first run) of neat iPP and PP/clay nanocomposites, 

fast- and slow-cooled, are shown in Figure 3.  
 

 

 
 

Fig 3. DSC melting traces of slow- (dotted line)  

and fast-cooled samples (solid line) 
 

 

In Figures 4 and 5 an example of the decon-
volution of DSC curve for a slow- and fast- cooled 
specimen into separate peaks is shown. The fol-
lowing Gaussian function was used for fitting the 
experimental data from the DSC fusion curve of 
the samples (eq.1): 
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where Tc is the peak position, s is the full width at 
half-maximum, and H represents the height of the 
peaks. The peak-fit routines were used to evaluate, 
by nonlinear curve fitting of experimental data, the 
height, the relevant features of the curves as, top 
center, peak height, width at half maximum and the 
area fraction under the peaks.  

 

 
 

Fig 4. Example of the peak-fitting analysis of DSC melting 

curve for slow-cooled samples 

All DSC curves exhibit multiple endotherms 

or, better, they are resolvable into three to four 

overlapping peaks. Hereafter, the peak at the high-

er temperature will be referred as peak-1 (P1), 

whilst those at lower temperatures will be called 

peak-2 to peak-4 (P2–P4). These peaks can be at-

tributed to the complex melting behavior of the iPP 

[60–64].  
 

 

 
 

Fig 5. Example of the peak fitting analysis  

of DSC melting curve for fast-cooled samples 
 
 

This has been ascribed to several factors, 

among which are the presence of different crystal 

forms and differences in crystallite size and perfec-

tion. However, the main reason for such multiple 

endotherms was attributed to the recrystallization 

or reorganization of some crystallized fractions.  

The melting temperature, determined from 

deconvoluted DSC peaks of neat iPP and the nano-

composites produced by slow- and fast-cooling 

compression molding regime is shown in Figure 6 

and Table 1. 

Deconvolution of DSC curves for lower 

cooling rate (SC) resulted in three separate peaks 

for all analyzed samples. The intensity and position 

of the basic melting peak (P1) in neat iPP and in all 

nanocomposite samples crystallized at lower cool-

ing rate did not change (Tm1= 167 °C). The P2 and 

P4 in nanocomposites appeared at lower tempera-

ture as compared to neat PP. A tendency to slight 

decrease is seen for P2 with increasing clay content 

(from 163 to 158 °C). In contrast, samples crystal-

lized at high cooling rate (FC) show the presence 

of four melting peaks that seem less sensitive to 

the sample compositions. The intensity of all peaks 

is slightly lower, compared to the samples crystal-

lized at lower cooling rate. As is well known, dur-

ing slow crystallization processes the molecules 

have enough time to form more perfect crystals. In 

case of PP nanocomposites, the nucleating effect of 

the modifier (maleic anhydride), as well as that of 
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the clay, obviously enhances the formation of crys-

tals with high melting temperature. As the cooling 

rate increases, the crystallized fraction may consist 

of defective crystals, as a result of higher super-

cooling. In that case, the nucleating effect is less 

efficient, leading to the formation of high-melting-

temperature crystals. On the other hand, the defec-

tive crystals formed during cooling would undergo 

perfection during heating [65]. Thus, the shoulder 

peak, clearly seen in DSC traces of FC samples, is 

due to the recrystallization or reorganization of 

crystals formed initially during non-isothermal 

crystallization. 
 

 

 
 

Fig 6. Melting temperature of deconvoluted peaks  

(filled symbols are slow-cooled, empty symbols  

are fast-cooled samples) 
 

 

The Gibbs-Thomson relation can be used to 

estimate the melting temperature of crystals with 

finite thickness (lc) but with infinite lateral dimen-

sions: 
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where T
o

m is the equilibrium melting temperature, 

ΔH
o

f the equilibrium heat of fusion, and σe denotes 

the surface energy. 

Assuming T
o

m = 186 °C, ΔH
o

f = 8700 kJ 

mol
–1

, and σe = 62 erg cm
–2

 for iPP [66], the lamel-

lar thickness of the two populations of lamellae, 

which could originate different melting peaks, has 

been calculated and the obtained results are report-

ed in Table 1.  

The crystallization of the polymer matrix 

was altered by using two extremely different cool-

ing rates after the molding was completed. The 

slowly cooled samples had slightly higher melting 

temperature, estimated as the maximum of the 

main melting peak P1. The values obtained for the 

melting enthalpy of slowly cooled samples indi-

cates that the spherulites were thicker and larger. It 

can be seen from Table 1 that, in addition to the 

cooling regime, the presence of clay has also af-

fected the morphology of nanocomposites crystal-

lized by slow cooling, since the values determined 

for crystal dimensions, and especially for those of 

lc (P2), decrease progressively with the amount of 

clay. In contrast, the presence of clay particles had 

no influence on crystal dimensions in fast-cooled 

samples. These results are in agreement with our 

previous findings [55]. 
 

 

   T a b l e  1  
 

Meting temperature of the deconvoluted endothermic peaks.  

Crystal dimensions (lc) are calculated by eq. (2) 
 

Slow 
P1 P2 P3 P4 lc  (P1) lc  (P2) lc    (P3) lc  (P4) 

/°C /°C /°C /°C /nm /nm /nm /nm 

PP 167.0 163.5 – 154.0 14.5 12.2 – 8.6 

PP-MA 167.7 160.0 – 148.0 15.0 10.6 – 7.2 

PP-MA-C1 167.0 159.5 – 148.0 14.5 10.4 – 7.2 

PP-MA-C2 167.0 158.5 – 148.0 14.5 10.0 – 7.2 

PP-MA-C3 167.0 158.0 – 148.0 14.5 9.8 – 7.2 

Fast 
P1 P2 P3 P4 lc  (P1) lc  (P2) lc  (P3) lc  (P4) 

/°C /°C /°C /°C /nm /nm /nm /nm 

PP 164.0 159.0 152.0 143.0 12.5 10.2 8.1 6.4 

PP-MA 163.5 159.0 152.0 143.0 12.2 10.2 8.1 6.4 

PP-MA-C1 164.0 159.5 153.0 143.0 12.5 10.4 8.3 6.4 

PP-MA-C2 164.0 159.5 152.0 143.0 12.5 10.4 8.1 6.4 

PP-MA-C3 163.5 159.0 151.0 143.0 12.2 10.2 7.9 6.4 
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Fitting analysis, besides the characterization 

of polymorphic forms through temperature, allows 

the determination of the area fraction under each 

overlapping curve. From these areas, the quantifi-

cation of the composition of the specimens can be 

determined, if the molar enthalpy of the compo-

nents is known. Table 2 contains the values deter-

mined for the area fraction under the peaks, ob-

tained by using Gaussian functions in the deconvo-

lution of the melting curve of each sample, record-

ed at 10 °C min
–1

. In the same table, the values of 

crystallinity, determined from the melting enthalpy 

of slow- and fast-cooled samples are shown, and 

phase fractions, previously determined by X-ray 

analysis [55] are also presented. 

 
 

T a b l e  2  
 

Relative area of the deconvoluted DSC peaks (P1–P4).  

Crystallinity (Xc) calculated by X-ray diffraction and identified polymorphic forms of iPP 
 

Slow P1 P2 P3 P4 

Xc 

/%, DSC 

Xc 

/%, Xray 
X /% X /% X /% 

W 

/a.u. 

PP 12.3% 57.0% 0.0% 30.7% 52.4% 42.3% 96% 0.2% 3.1% 6.51 

PP-MA 35.0% 42.6% 0.0% 22.4% 55.4% 44.4% 95% 0.3% 4.2% 8.68 

PP-MA-C1 32.0% 42.2% 0.0% 25.8% 56.3% 40.8% 96% 0.2% 3.4% 5.72 

PP-MA-C2 31.5% 38.7% 0.0% 29.8% 55.2% 40.8% 96% 0.2% 2.8% 5.31 

PP-MA-C3 30.4% 37.8% 0.0% 31.8% 52.8% 40.3% 96% 0.5% 2.9% 6.32 

Fast P1 P2 P3 P4 

Xc 

/%, DSC 

Xc 

/%, Xray 
X /% X /% X /% 

W 

/a.u. 

PP 32.4% 37.7% 14.6% 15.3% 49.6% 45.9% 85% 7.9% – 10.63 

PP-MA 25.4% 41.8% 16.7% 16.1% 47.9% 47.2% 86% 6.5% – 10.58 

PP-MA-C1 27.1% 40.5% 16.4% 16.0% 48.4% 49.3% 87% 7.0% – 10.18 

PP-MA-C2 27.6% 40.3% 16.1% 16.1% 46.5% 46.8% 89% 4.8% – 10.14 

PP-MA-C3 29.0% 39.5% 15.7% 15.8% 44.6% 48.5% 88% 8.0% – 10.66 

 

 

For all the prepared nanocomposites, the 

slow cooling, as expected, resulted in a higher 

overall degree of crystallinity. Among the investi-

gated samples, four polymorphic structural modifi-

cations have been identified. X-ray analysis has 

shown that the slow-cooled samples exhibited 

mainly alpha crystalline phase (with very low per-

centage of gamma phase), whereas the fast-cooled 

samples contained a measurable content of beta 

phase. According to the relative area of P1 and P2, 

it could be concluded that the crystallization at 

high temperature (slow cooling) tends to produce 

high-melting polymorphic forms of iPP in both 

neat polymer and polymer nanocomposites, where-

as low temperature (fast cooling) leads to appear-

ance of a low-melting beta phase.  

From the obtained DSC endotherms, addi-

tional parameters (full-width at half height of the 

endotherm melting peaks, W), reflecting the dis-

tribution of crystal dimensions, were determined 

and the results are presented in Table 2. It is evi-

dent that the values of W are affected by the crys-

tallization (cooling) regime, indicating a more uni-

form (narrower) distribution of the crystal dimen-

sions in slow-cooled samples. The presence of clay 

induced only insignificant changes in crystal di-

mensions of slow-cooled samples, while it had no 

influence on fast-cooled ones. 

 

4.3. Dynamic mechanical analysis 

 

The viscoelastic properties of polymeric 

nanocomposites are key factors in the understand-

ing of the processing–structure–property relation-

ship in these materials [67]. The analysis of the 

dynamic storage modulus, loss modulus, and tan 

is very useful for ascertaining the performance of a 

material under stress and temperature. It enables 

not only the measurement of the dynamic mechan-

ical properties of a material, but also detection of 

changes in the solid structure of the polymer after 

addition of second phase [68]. Samples of neat iPP 

and PP/PP-MA/clay nanocomposites containing 1–

3 w/w % clay were subjected to dynamic mechani-

cal tests to study viscoelastic characteristics and 

relaxation processes with respect to their morpho-

logical peculiarities. 

 

4.4. Storage modulus 

 

The storage modulus (E’) is the measure of 

stiffness, describing the range where the elastic 
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property is higher. The higher the range, the higher 

will be the stiffness and load-bearing capability of 

a material [69, 70]. Storage modulus of neat PP 

and nanocomposites, obtained during slow and fast 

cooling regimes, in a temperature range of –50 to 

+150 °C, are shown in Figure 7 (a–c).  

As can be seen from Figure 7 and Table 3, 

the effect of nanoclay on the mechanical properties 

of PP-nanocomposites is evident. Moreover, the 

presence of clay induced significant change in 

overall viscoelastic behavior of the polymer (see 

Fig. 7a). Different behaviors of nanocomposites 

produced via slow- or fast-cooling compression 

molding cycles can be explained in terms of the 

reported morphological peculiarities. Based on 

previous results, the following mechanism of the 

microstructure formation during different pro-

cessing condition could be proposed (Fig. 8). 
 
 

  
 

  
 

Fig 7. Temperature dependence of storage modulus neat PP and nanocomposite with 1–3 w/w % clay  
 

 

At low temperatures, the interconnections be-

tween the fine-grained crystals (a kind of self-

reinforcing structure) present in the morphology of a 

fast-cooled neat PP sample have resulted in a high 

level of elastic modulus (see Fig. 7a). In contrast, 

the coarse morphology of the slow-cooled PP sam-

ple is obviously less resistant to mechanical defor-

mation. At higher temperatures, the mechanical de-

formation produced a flow of the polymer crystals 

in the amorphous phase, and hence, the higher di-

mensions of the crystals in the slow-cooled sample 

produced higher resistance compared to the fine 

morphology of the fast-cooled sample. 

The behavior of nanocomposites is quite dif-

ferent from that of the neat polymer. In general, the 

values of storage modulus are higher for the nano-

composites obtained via slow cooling. This might 

be attributed to the better reinforcing effect, i.e. to 

stronger interactions created between the clay gal-

leries and the matrix during the slow-cooling pro-

cess (lasting approximately 3 h), allowing, in turn, 

greater degree of stress transfer at the interface. 

The formation of transcrystalline interfaces in the 

vicinity of clay layers, as detected by TEM (Fig. 

2b), certainly affects the strength of interfacial re-

gions. Furthermore, partial exfoliation of the clay 

galleries in the PP matrix (detected for all nano-

composites, and especially pronounced at 1 w/w % 

loading of clay) has additionally restricted segmen-

tal motion at the interface [69]. 
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              T a b l e  3  
 

Dynamic storage modulus E’ of neat PP and nanocomposites, in the temperature range  

from –50 
o
C to +100 

o
C for slow and fast cooled samples 

 

Sample 
Dynamic storage modulus / MPa 

–50 °C 0 °C  50 °C    100 °C 

 FC SC FC SC FC SC    FC SC 

PP 4264 3517 3168 2560 1187 1329    434 610 

PP-MA-C1 3608 4654 2544 3363 1104 1709    372 758 

PP-MA-C2 3854 3718 2811 2766 1220 1410    476 601 

PP-MA-C3 4363 4600 3247 3400 1302 1654    466 684 

 

  

 
Fig 8. Schematic representation of the microstructure formed during compression molding cycle 

 

 
The effect of cooling rate applied in the com-

pression molding cycle on dynamic storage modulus 

E’ of neat PP and nanocomposites at 50 
o
C is shown 

in Table 3. Evidently, at T > Tg, nanocomposites 

obtained by slow cooling exhibited better mechani-

cal response as compared to the fast-cooled sam-

ples. The value of dynamic modulus E’ of slow-

cooled samples increased by 55% with addition of 

only 1 w/w % clay. This enhancement of dynamic 

storage modulus E’ is ascribed to the better na-

noscale dispersion of the layered clays (as shown by 

WAXD), which resulted in higher aspect ratio of the 

reinforcing clay particles.  

The obtained results for thermo-mechanical 

behavior of PP/clay nanocomposites are in agree-

ment with those reported earlier by Sharma et al. 

[70], Lei et al. [71] and Lai et al. [72]. The extent 

in increase of storage modulus is found to be relat-

ed to the type of nanoclay, clay content, compati-

bilizer and processing parameters [67]. The addi-

tion of 1 w/w % organo-modified clay, exfoliated 

in a PP matrix by application of latex technology, 

particularly at temperatures higher than Tg, caused 

the storage modulus to increase by approximately 

30% [73]. The same extent of increase of storage 

modulus in PP/clay composites at low clay loading 

has also been observed by Misra et al. [74], 

Hambir et al. [75] and Venkatesh et al. [67], 

whereas Sharma and Nayak [70] reported only 10–

17% increase. The increase in storage modulus 

indicates the mechanical reinforcing effect of 

nanoclay in the composites. However, none of the-

se results presented in the literature are correlated 

with the morphological characteristics of the ma-

trix polymer used. 

 

4.5. Dynamic loss modulus 
 

The loss modulus denotes the energy dissi-

pated by the system in the form of heat, and 

measures the viscous response of the polymer ma-

terial [67]. The loss modulus curves of neat PP and 

the nanocomposites are illustrated in Figure 9. In 

PP and nanocomposites over the entire temperature 

region (from –50 to +150 
o
C), two main relaxation 

processes are observed, which were related to - 

Fast Cooling Slow Cooling 

Polymer Crystals 

Amorphous phase 

Clay Sheets 

Partial Segregation of 

the Clay Sheets 
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and -relaxations, respectively. The dominant re-

laxation, appearing around 10 
o
C, is related to the 

glass–rubber transition (-relaxation) of the amor-

phous phase of PP. The weak peak at high temper-

atures corresponds to the -relaxation. There are 

different interpretations of the nature of -

relaxation in PP. It may be caused by molecular 

mobility of the polymer chains on the lamellar sur-

face or by relaxation of the intracrystalline amor-

phous chains of PP [67].  

The effect of morphology of the polymer 

matrix is also clearly seen from the curves for E”. 

The curves for the slow-cooled nanocomposites are 

all located above that for neat PP, which is not the 

case with those cooled fast. In contrast, although 

all samples displayed similar relaxation peaks, the 

presence of clay in fast-cooled nanocomposites led 

to a decrease in the E” of the PP matrix.  

The mechanism of energy dissipation in 
nanocomposites of different morphological fea-
tures is quite different, due to the crystalline struc-
ture and interactions at the interface. This is best 
illustrated at low clay content (1w/w %) with dom-
inant exfoliated structure in slow-cooled nanocom-
posites (as revealed by WAXD), which in turn 
leads to a significant improvement in the modulus. 

 
 

  
 

Fig 9. Temperature dependence of loss modulus for:  

a) slow-cooled and b) fast-cooled neat PP and nanocomposites with 1–3 w/w % clay 

 
 

Venkantesh et al. [67], Samal et al. [76] and 

Yang et al. [77] have reported that incorporation of 

nanoclays leads to an enhancement in the magni-

tude E” of the PP matrix. It was also shown [77] 

that the addition of nanoclay did not affect the loss 

modulus temperature (as the peak is around 4 
o
C), 

which is mainly concerned with the molecular mo-

tion of the crystalline region of PP. This suggests 

that the nanoclay did not affect relaxation behavior 

of PP.  

From DMTA measurements, the Tg of nano-

composites was determined (Fig. 10), and it was 

found that the values are insignificantly shifted to-

wards higher temperatures compared to the matrix 

polymer, apparently due to the effect of the clay 

particles on the mobility of polymer chains [78].  
 
 

  
 

Fig 10. Temperature dependence of tan for:  

a) slow-cooled and b) fast-cooled neat PP and nanocomposites with 1–3 w/w % clay 
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It is well known that the Tg of a polymer de-

pends on the mobility of the chain segment of the 

macromolecules. If the molecular chain is restrict-

ed, motion or relaxation of the chain segment be-

comes difficult at the original glass transition tem-

perature and becomes possible only at higher tem-

peratures. Similar behavior has also been reported 

by other researchers [40, 76, 79]. However, Samal 

et al. [76] reported a decrease in Tg for PP nano-

composites, indicating that the amorphous mole-

cules become mobile at lower temperature as com-

pared to virgin PP, which in this case was assigned 

to the existence of low-molecular-weight inter-

calants in nanoclays.  
 
 

5. CONCLUSION 

 

A comparative analysis of the effect of ma-

trix morphology, originated as a result of two ex-

tremely different crystallization regimes applied in 

the phase of compression molding, on the melting 

behavior and thermo-mechanical properties of 

PP/clay nanocomposites has been presented. A 

nonlinear curve-fitting of DSC melting curves has 

shown that the recrystallization/reorganization of 

the initially formed crystals during nonisothermal 

crystallization took place in fast-cooled nanocom-

posite samples. It was also shown that the slow-

cooled samples exhibited mainly alpha crystalline 

phase, whereas the fast-cooled samples contained a 

measurable content of beta phase. The presence of 

clay particles had no influence on crystal dimen-

sions in fast-cooled nanocomposite samples, and 

on the contrary, in addition to the cooling rate, 

their presence had affected the polymer morpholo-

gy in slow-cooled samples. The crystal dimensions 

decreased progressively with the amount of clay 

added. DMA results showed an increase in storage 

modulus of the PP matrix in nanocomposites, indi-

cating an increase in the stiffness of the matrix 

polymer induced by the presence of clay platelets. 

In the investigated temperature range (from –50 to 

+150 
o
C), the slow-cooled nanocomposite samples 

exhibited higher values of storage modulus, indi-

cating the better reinforcing effect of layered sili-

cate, and enhanced interfacial interactions created 

during prolonged time of crystallization. Thus, the 

value of dynamic storage modulus increased by 

~55% with addition of only 1w/w % of clay; the 

effect being ascribed to partial exfoliation of the 

clay galleries in the PP matrix and the formation of 

transcrystalline interfaces in the vicinity of clay 

layers, detected by TEM.  
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