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P
olypropylene (PP)/organophilic montmorillonite (OMMT) nanocomposites with

three different morphologies have been identified as intercalated, partial inter-

calated and partial-exfoliated nanocomposites, respectively; which were pre-

pared by controlling the processing conditions. The XRD analysis of nanocomposites

determines the interlayer space inside OMMT in them; and the submicroscopic struc-

ture of three nanocomposites was observed by transmission electron microscopy

(TEM) to distinguish the morphology of the nanocomposites. Furthermore, the melt flu-

idity, mechanical properties, melting and crystallization behaviour and thermal stabili-

ty of nanocomposites were measured and analyzed. The melt flow rate (MFR) of par-

tial-exfoliated nanocomposites decreased most; they had the most uniformly dis-

persed OMMT particles and the highest reinforcement of mechanical properties. The

intercalated nanocomposites displayed the highest impact strength. The partial inter-

calated nanocomposites with good performance had the advantage of simple process-

ing. The results showed that the dispersion morphology of OMMT in PP matrix deter-

mines the properties of nanocomposites, which means that the nanocomposites with

different structures of OMMT dispersion would have specific properties. It is an

achievement to develop polymer/OMMT nanocomposites with different performance

capabilities by controlling the processing conditions.

INTRODUCTION

Polymer/layered silicate nanocom-

posites are a class of hybrid materi-

als composed of a polymer matrix

and layered silicates, mostly organ-

ically modified, in nano-scale

dimension [1-5]. Montmorillonite

(MMT) as one group of layered sil-

icate materials is widely used to

make nanocomposites. The modifi-

cation of MMT by organic agents

is known as organophilic montmo-

rillonite (OMMT). Since OMMT

reinforced nylon 6 nanocomposites

with excellent mechanical proper-

ties was first developed by Toyota

Research Center [6], much atten-

tion has been devoted to OMMT as

a reinforcement material for poly-
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mers. Many nanocomposites have been developed

and characterized with different polymers as the

matrix [7-12].

Polypropylene (PP) as one of the widely used

polyolefin polymers has the advantage of low cost,

high performance and thermal stability, etc. In gener-

al, the MMT is modified with organic compounds

such as alkylammonium to facilitate its interaction

with polymer matrix. There are two major methods

for preparation of nanocomposites; one is the in-situ

synthesis of PP/OMMT nanocomposites using a com-

patibilizer with functional groups [13-15]; the other

method uses maleic anhydride-grafted PP (PP-g-MA)

as an intermediate between PP and OMMT via melt

compound [16-19].

Much success in making PP/OMMT nanocompos-

ites has been achieved by hard working well-known

scientists [13-19]. However, there have been no

reports focusing on the structure-property relation-

ships of PP/OMMT nanocomposites. In this work, we

have studied the structure-property relationships of

the nanocomposites with specific morphology. The

nanocomposites have been prepared with PP and

OMMT with no compatibilizer; and three types of

nanocomposites prepared by controlling different pro-

cessing conditions or techniques. Transmission elec-

tron microscopy (TEM) and X-ray diffraction (XRD)

techniques were used to identify different submicro-

scopic structures of nanocomposites; and then further

studies on the properties of the fluidity, melting and

crystallization behaviour, mechanical and thermal

properties of nanocomposites have been performed.

Finally, the structure-property relationships of the

nanocomposites are discussed. The purpose of this

work is to investigate the structure-properties rela-

tionships, and to find out how to control the prepara-

tion of nanocomposites.

EXPERIMENTAL

Materials

PP (T30S) used in this study was a commercial prod-

uct supplied by Qilu Petrochemical Company Ltd.,

China. The melt flow rate (at 230ºC and 2.16 kg

loads) and density of PP were 3.20 g/10min and 0.91

g/cm3, respectively. POE elastomer (Engage 8150)

was produced by DuPont, USA. The OMMT

(FMO01-F) was produced in our research center.

Preparation of Organoclay

The bentonite was wetted with water, and then puri-

fied by sedimentation and washing, finally the refined

bentonite was montmorillonite (OMMT). The dried

OMMT (50 g) was dispersed into 5000 mL of distilled

water at 65ºC under vigorous stirring. A mixture of

45.0 g hydrogenated palm-alkyl dipalm methyl amine

(DHPMA), 200.0 g distilled water and 6.0 mL 98.0%

concentrated sulphuric acid were prepared at 65ºC

and then slowly added into the dispersion of OMMT.

The reaction was maintained for 4 h. The sediment

was collected by filtration and washed ten times with

hot water, and then dried at 90ºC in vacuum, ground

and sieved to 30 μm. The organophilic clay was des-

ignated as organo montmorillonite (OMMT).

Preparation of Nanocomposites

(b1) The polypropylene pellets, OMMT and the

antioxidant metered independently in the required

proportions were placed into the homomixer. After the

materials mixed homogeneously (named: mixtures), a

twin-screw extruder (co-rotative screws, D=35.0 mm,

L/D=32/1) was utilized to extrude the composites; the

barrel temperature distribution was 180ºC~200ºC

from feeder to extrusion-head and the screw speed

were 80 rpm and 160 rpm. The obtained strands were

grained and vigorously dried at 80ºC in an oven. The

dry pellets were putted into the injection machine to

inject standard samples; the temperature from barrel

to spray nozzle were 180ºC~200ºC (PP/POE compos-

ites were prepared at the same condition.).

(b2) Some of the former mixtures were directly

putted into the injection machine to inject standard

samples, carrying with the above injection conditions.

Characterization

X-Ray diffraction (XRD) experiments were per-

formed for the pristine MMT, OMMT and PP/OMMT

nanocomposites using a D/max-RB diffractometer

(Rigaku, Japan), which has an X-ray generator of 

12 kW, a graphite monochromator, CuKα radiation

(wavelength, λ = 0.154 nm) and operating at 40 kV,

100 mA. The samples were scanned at a speed of

5º/min under the diffraction angle 2θ in the range of

Study on Structure-property Relationships of ... Li P. et al.

Iranian Polymer Journal / Volume 16 Number 11 (2007)776



1-30º.

Thermogravimetric analyses (TGA) were per-

formed on a TGA/STDA851e instrument of Mettler-

Toledo Company with platinum pan using ca. 7 mg of

material as probe. The samples were heated at

10ºC/min rate in nitrogen atmosphere under a flow

rate of 50 mL/min.

Nanocomposites were thin-sectioned with an ultra-

microtome. Sections were collected on a copper grid

and examined with a TEM (JEM-1200EX) of

Japanese Jeol Company running at an accelerating

voltage of 60 kV. 

Melt flow rate (MFR) was measured according to

standard ISO1133-1997. The testing temperature was

230ºC and loading weight employed was 2.16 kg,

respectively.

Thermal behaviour of nanocomposite was studied

by differential scanning calorimetry (DSC), using a

DSC822e instrument of Mettler-Toledo Company.

The sample weight was 7 mg, and was heated to

230ºC and held at this temperature for 5 min to cancel

previous thermal history. Then, the sample was cooled

at a nominal rate of 10ºC/min to room temperature,

and it was heated to 230ºC again at 10ºC/min rate.

The sample was heated or cooled in nitrogen atmos-

phere under a flow rate of 50 mL/min.

Tensile stress and tensile modulus were measured

according to standard ISO1184-1983 by using an

electronic tensile tester. Notched impact strength was

measured according to ISO179-1982 standard method

using standard notched specimens, and the reported

results are for room temperature tests.

Standard samples prepared based on standard

ISO75-1:2003 were tested for heat deflection temper-

ature (HDT) using a heat deflection temperature tester

with a load of 0.45 MPa.

RESULTS AND DISCUSSION

Characterization of OMMT

The OMMT was prepared by using a well-chosen

organic modifier. As a result, the surface of OMMT

had organic characteristics. The hydrophobic organic

modifier could facilitate the intercalation of a

hydrophobic polymer into MMT by reducing the sur-

face energy.

Figure 1. X-Ray diffraction patterns of pristine MMT and

OMMT.

The XRD and TGA tests were used to characterize

OMMT. Figure 1 showed the XRD patterns of pristine

MMT and OMMT. The interlayer space was deter-

mined from the diffraction peak position in XRD by

using the Bragg's equation. The interlayer space of

pristine MMT and OMMT were 1.51 nm and 3.09 nm,

respectively, that suggested the successful preparation

of OMMT. Figure 2 showed the TGA thermogram of

OMMT. TGA curves taken from OMMT after being

subjected to a temperature of 700ºC resulted in 70

wt% ash content. Therefore, the total weight loss of

30 wt% could be attributed to the decomposition of

organic modifier that intercalated into the  montmoril-

lonite galleries.

Figure 2. TGA Thermogram of OMMT.
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Figure 3. X-Ray diffraction patterns of three composites.

XRD Diffraction Pattern Analysis of Three

Composites

The samples of three composites were tested by XRD

analysis in order to determine the interlayer space of

OMMT in the composites. The results are shown in

Figure 3. The curve of intercalation shows that most

OMMTs are intercalated and a few are non-intercalat-

ed; the data show the interlayer space of OMMT

increased from 3.04 nm up to 7.61 nm. This means

OMMT is intercalated. The curve of partial-intercala-

tion shows the intercalation states; however, most of

the layer space only increased to 3.30 nm; meaning

that OMMT has intercalated a little. On the contrary,

the curve of semi-intercalation sample showed that

only a few of OMMTs were intercalated, an indication

is that most of them are exfoliated; so we have named

the composite as "semi-exfoliation" nanocomposites.

Analysis of TEM Images of the Nanocomposites

TEM Images (A1 of Figure 4 and A2 of Figure 5)

were the PP/OMMT composites via melt extrusion in

a twin-screw extruder with 80 r/min screw speed, the

images of (B1 of Figure 4 and B2 of Figure 5) were

the PP/OMMT composites prepared with 160 r/min

screw speed, and the images in direction of injection

of PP/OMMT composites are C1 of Figure 4 and C2

of Figure 5. 

In TEM images of Figures 4 and 5, the dark lines

represented the thickness of individual clay layers or

their agglomerates. The images of Figure 4 were

observed in a bigger magnification. A1 showed the 

(a)

(b)

(c)

Figure 4. TEM Images of: (a) intercalated nanocomposite,

100 nm scale, (b) partial-exfoliated nanocomposite, 200 nm

scale, (c) partial-intercalated nanocomposite, 200 nm scale.
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(a)

(b)

(c)

Figure 5. TEM Images of: (a) intercalated nanocomposite,

500 nm scale, (b) partial-exfoliated nanocomposite, 500 nm

scale, (c) partial-intercalated nanocomposite,1000 nm scale.

hierarchical orientation structure of OMMT, the lines

of the montmorillonite layers could be found clearly,

that the interface between the OMMT and PP matrix

was indistinct suggested the compatibility of OMMT

and the matrix was good. Therefore, A1 of Figure 4

was the image of PP/OMMT nanocomposite called

"intercalated" nanocomposites. B1 image showed the

nanocomposites also had the characteristics of unclear

interface and good compatibility, moreover, the scale

of the dispersion of OMMT was smaller, even some

of the layers dispersed into single or several layers

(marked in the image). So it was called partial-exfoli-

ated nanocomposite. There was an agglomerated layer

particle in the third type of nanocomposite in C1 of

Figure 4, but according to C2 of Figure 5, we could

observe that most MMT particles dispersed uniformly

at about several hundred nanometer diameter, so we

called the third nanocomposite partial-intercalated

nanocomposite. The images of Figure 5 were the pho-

tos at low magnification aiming to observe a large

scope. A2 and B2 of Figure 5 showed that at the same

OMMT content the partial-exfoliated nanocomposites

had the higher dispersion density and more homoge-

neous dispersion. In a word, based on the images of

different structure morphologies, we could confirm

three types of nanocomposites prepared.

The observation of the submicroscopic structure

suggested that in the preparation of melt-extrusion

process different screw speeds provided different

shear forces, higher speed with stronger shear force

made the OMMT particles dispersed into smaller

scale. Another reason for difference of intercalated

and partial-exfoliated nanocomposites perhaps was

that higher screw speed increased the probability of

contact between organic modifier and the molecule of

PP, which would give greater chance of macromolec-

ular chain to intercalate the OMMT layers space. By

contrast, the partial-intercalated nanocomposites only

received the compression shear force during injection

process. Therefore, it showed inefficient dispersion of

OMMT, although its process of preparation is the sim-

plest. 

Melt Fluidity Analysis

The melt flow rate (MFR) is a critically important

indicator of melt fluidity for any plastic material. The

results of MFR testing of three nanocomposites are
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Figure 6. The melt flow rate of three nanocomposites.

shown in Figure 6. The values of MFR of three

nanocomposites decrease monotonously with the

OMMT content increasing. However, we have clearly

seen the partial-exfoliated nanocomposites show the

largest decrease rate of MFR values. The values of

MFR of partial intercalated nanocomposites have

decreased a little. The results suggested that the

importation of OMMT increases the melting viscosity

of PP/OMMT nanocomposites, and then the value of

MFR is reduced. Based on the observation of TEM

images, the dispersion density of OMMT at the same

addition content was obviously different, so the inter-

facial contact areas of OMMT layers and PP matrix

were different. The interaction of OMMT and PP

matrix would restrict the motion of molecule of PP,

and then increases the melting viscosity of system.

Because of the best dispersion of OMMT, the partial-

exfoliated nanocomposite has shown the largest

decrease of MFR.

Mechanical Properties of Nanocomposites

Figure 7 shows the yield stress of three nanocompos-

ites with various OMMT contents. The yield stresses

of intercalated nanocomposites and partial-exfoliated

nanocomposites increase at first, and then decrease

after 4.0 wt% content of OMMT. The stresses of par-

tial-intercalated nanocomposites and the PP/POE

composites, however, decrease monotonously.

Comparing with the values of the yield stress, those of

partial-exfoliated are the higher than others, and those

Figure 7. Yield stress of four composites as a function of

OMMT contents.

of partial-intercalated nanocomposites are the lowest.

The improvement of the yield stress is attributed to

the interaction of OMMT layers and the PP matrix.

The interaction has given the extra force to resist the

split of the system during the nanocomposites sam-

ples stretching. Otherwise the decrease of yield stress

is the result of the emergence of the agglomerate par-

ticles of OMMT [20,21]. The agglomerations have

already occurred in partial-intercalated nanocompos-

ites with low OMMT content; on the contrary, beyond

the critical 4.0 wt% loading of OMMT in intercalated

and partial-exfoliated nanocomposites, there are

many OMMT particles which have not dispersed into

nano-scales, before the agglomeration is being

formed, showing some cracks have initiated and prop-

agated inside the agglomerations [22]. As a result the

agglomerations have led to the decrease of tensile

strength.

Figure 8 shows the dependency of the Young's

modulus on the OMMT content. The modulus of

intercalated and partial-exfoliated nanocomposites

have increased linearly with increasing OMMT con-

tent up to a critical value of 4.0 wt%. When the

OMMT content is higher than this critical value, the

values of the modulus start to decrease. The values of

modulus of the partial-exfoliated nanocomposites are

higher than those of intercalation system. The modu-

lus of the partial-intercalated nanocomposites

decreases with OMMT content increasing, and those

of PP/POE composites decrease similarly. The
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Figure 8. Young’s modulus of the four composites as a

function of OMMT contents.

enhancement of modulus is due to the stiffness of the

OMMT layers, and also the reduction of modulus is a

result of the emergence of agglomeration of OMMT

layers. There has been stress concentration in the

agglomeration, which has initiated cracks and propa-

gated to reduce the stability of the system and reduce

the tensile modulus.

The curves of notched impact strength of three

nanocomposites are shown in Figure 9. The notched

impact strengths of three nanocomposites increase

remarkably with the OMMT content increasing and

show a maximum value for OMMT content loading of

4 wt%; on the contrary, those of PP/POE composites

increase monotonously with the POE content increas-

ing. The values of impact strength of the intercalated

nanocomposites are higher than those of the others

during the OMMT content below 4.0 wt%. The ulti-

mate impact strength of the intercalation system has

increased to 10.30 kJ/m2, twice the value of pure PP

(5.08 kJ/m2). This excellent enhancement of the

impact strength is ascribed to the special layered

structures of MMT which are intercalated by PP

macromolecular chain. According to the theory of

craze absorption, when the material is subjected to

impact, the zone of the intercalated structure of the

nanocomposites would response first; and then the

split of the intercalated lamella structure as shown in

A1 of Figure 4 would absorb more impact energy, and

it would improve the impact strength greatly. The

Figure 9. Notched impact strength of the four composites

as a function of OMMT contents.

OMMT content over the critical value would also

reduce the impact strength owing to the creation of

agglomerations of OMMT particles. 

According to the results of mechanical properties

of three nanocomposites and PP/POE composites,

they showed that the impact strength of the intercalat-

ed nanocomposites greatly increased on the low

OMMT contents and the tensile strength and modulus

also increased a little; otherwise the conventional

toughened PP/POE composites increased the impact

strength while it reduced the tensile strength and the

modulus.

Melting and Crystallization Behaviour

The melting heat absorption curves of pure PP and

PP/OMMT nanocomposites are presented in Figure

10. Based on these curves, some useful parameters,

such as the peak temperature (Tp) and relative crys-

tallinity (Xt) of different nanocomposites could be

obtained for describing the non-isothermal melting

behaviour of pure PP and PP/OMMT nanocompos-

ites. The Tp temperatures are the maximum melting

rate temperatures. From the vertical lines of Figure

10, we may observe that Tp of intercalated and partial-

exfoliated nanocomposites is higher than pure PP, but

those of partial-intercalated nanocomposites are lower

than pure PP. By calculation, the melting enthalpies

(ΔE) are 110.61 J/g, 99.30 J/g, 104.52 J/g and 113.73

J/g as shown in Figure 10, respectively. As you know

the melting enthalpy (E0) of 100% crystalline PP is
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Figure 10. DSC Patterns of pure PP and PP/OMMT

nanocomposites during melt process (4.0 wt%).

a constant, so we may see that relative crystallinity

(Xt) of partial-intercalated nanocomposites is higher

than that of pure PP, but that of intercalated and par-

tial-exfoliated nanocomposites is lower. 

The crystallization exotherms for the pure PP and

nanocomposites are the smooth unimodal curves

shown in Figure 11, starting at the temperatures for

the onset of crystallization, Ts, and passing through

the temperatures of maximum crystallization rate at

Tc. The values of Ts and Tc of nanocomposite are

higher than those of pure PP. This may be explained

that the OMMT particles have heterogeneous nucle-

ation effects on PP macromolecule segments during

crystallization process. 

Figure 11. Crystallization exotherms for pure PP and

PP/OMMT nanocomposites (4.0 wt%).

Heat Distortion Temperature

Heat distortion temperature (HDT) of a polymeric

material is an index of heat resistance towards applied

load. As the conventional plastic, PP has the visible

characteristics with a high HDT in application. The

values of HDT of pure PP, PP/OMMT nanocompos-

ites and PP/POE composites are shown in Table 1.

There are clear increases of HDT of the intercalated

and partial-exfoliated nanocomposites from 137.50ºC

for the pure PP to 140.87ºC and 144.75ºC for

nanocomposites, respectively. Beyond 4.0 wt% of

OMMT content, the HDT of the nanocomposites lev-

els off. The HDT of partial-intercalated nanocompos-

ites and PP/POE composites have decreased consider-
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Heat distortion temperature (ºC)

Nanocomposites

OMMT Content (wt%)

0 2 4 6 8

Intercalation

Partial-exfoliation

Partial-intercalation

PP/POE composites

137.50

137.50

137.50

137.50

139.22

141.61

136.44

129.85

140.87

144.75

133.65

123.43

139.64

145.55

131.52

119.57

138.31

146.35

130.12

115.38

Table 1. Heat distortion temperature of three nanocomposites.



Figure 12. Thermogravimetric curves of pure PP and three

PP/OMMT nanocomposites (4.0 wt%).

ably with the conventional toughening method, as

much reduction of HDT of PP/POE composites have

resulted in the limitation of its application. On the

contrary, the impact strength of the intercalated and

partial-exfoliated nanocomposites has improved as

shown in Figure 8, and simultaneously, their HDT has

increased a little instead of being decreased. This is a

new approach of toughening while maintaining the

characteristics of higher heat durability.

Thermal Properties

Figure 12 shows TGA curves for pure PP and

PP/OMMT nanocomposites. Figure 13 presents the

curves of differential calculus of TGA curves of

Figure 12. The initial thermal stability (Ti) of the

materials has been characterized by the temperatures

at 5 and 10 wt% weight loss (Ti-5% & Ti-10%), which

are tabulated in Table 2. It can be seen from Table 2 

Table 2. Temperatures of weight loss of pure PP and three

nanocomposites (4.0 wt%).

Figure 13. Differential curves of TGA curves of Figure 12 

(4.0 wt%).

that Ti of partial-intercalated nanocomposites has

decreased somewhat, but the temperature of maxi-

mum deposition rate (Tmax) is apparently improved.

The Ti and Tmax of the intercalated and partial-exfoli-

ated nanocomposites have improved remarkably com-

pared with pure PP. The improvement of thermal sta-

bility of nanocomposites is considered to be due to the

layers of MMT, which are inorganic material and have

the lamella structure to hinder heat transmission. All

the results of the TGA testing have shown higher 

thermal stability of nanocomposites compared with

pure PP.

CONCLUSION 

This work has been devoted to study the relationship

of structure-properties for three types of PP/OMMT

nanocomposites. The following conclusions can be

drawn:

- The measurement of XRD and the observation of

TEM have shown three kinds of nanocomposites pre-

pared at specific processing conditions.

- The results of melt fluidity, mechanical proper-

ties, melting and crystallization behaviour, heat dura-

bility and thermal stability of three nanocomposites

suggested that the properties of nanocomposites are

determined by the structure of OMMT dispersion.

- The mechanical properties and the HDT results
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Samples Ti-5% (ºC) Ti-10% (ºC) Tmax (ºC)

Pure PP

Intercalation

Partial-exfoliation

Partial-intercalation

323.02

353.88

352.60

318.85

338.65

370.16

370.23

339.12

412.44

429.50

430.40

426.28



have shown that the toughened nanocomposites have

advantages compared with the conventional tough-

ened PP/POE composites.

- This work we have studied the structure and the

properties of nanocomposites with different proper-

ties prepared by controlling processing conditions;

which show a new approach of preparation of

nanocomposites with the properties that we desire.
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