
Introduction

The recent developments of new materials based on

nanometer sized filler particles in polymeric matrices

represent a radical alternative to conventional micro-

filled polymers or polymer blends, resulting in a dis-

ruptive change in composite technology [1–5]. As

well known, nanocomposite properties are strongly

influenced by the nature and extent of the interface,

hence a large surface to volume ratio of the filler

allows to largely improve material properties [6].

The key factors for the preparation of enhanced

performance nanomaterials are to obtain a homoge-

neous distribution of the nanoparticles within the poly-

mer matrix, and to promote a strong interfacial adhesion

between the matrix and the nanofiller. Uniform disper-

sion of the nanometer particles offers a major specific

surface area enhancement, compared to conventional re-

inforcements of micrometer size. As a result, signifi-

cantly smaller amounts of filler (1–6 mass%), compared

to conventional composites (10–50 mass%), can induce

dramatic changes in host matrix properties.

Among the ceramic nanoparticles, layered sili-

cates, such as montmorillonite, have been extensively

studied in recent years, due to their large aspect ratio

[7–9]. Other types of fillers have been utilized as well.

Among them, calcium carbonate in micrometric dimen-

sions (1–50 µm) is also one of most commonly used in-

organic filler for thermoplastics. Previous studies have

demonstrated that the use of CaCO3 nanoparticles, when

coated with appropriate coupling agents, can lead to the

achievement of polymer-based nanocomposites with

improved properties with respect to the conventional

microcomposites, including mechanical, thermal and

wear properties [10–14].

Another important parameter that can affect the

final properties of the nanocomposites is the shape of

the CaCO3 nanoreinforcement: the use of either

spherical or elongated nanoparticles is expected to

differently influence many physical properties of the

final nanocomposites, such as permeability, thermal

and mechanical behavior, etc.

In this communication, results on thermal and crys-

tallization behavior of isotactic polypropylene (iPP)

filled with calcium carbonate (CaCO3) nanoparticles are

presented. In particular, CaCO3 nanoparticles coated

with a polypropylene-co-maleic anhydride graft copoly-

mer (PP-MA) as a coupling agent [15], and character-

ized by different shapes (spherical and elongated) have

been selected as reinforcing phase.

Experimental

Materials

Isotactic polypropylene (iPP) was a commercial prod-

uct, Moplen X 30 S, kindly supplied by Basell Poly-

olefins (Ferrara, Italy). It has Mn=4.69⋅104 g mol–1,

Mw=3.5⋅105 g mol–1 and Mz=2.06⋅106 g mol–1.

Calcium carbonate nanoparticles, emulsion-coated

with a graft copolymer, isotactic polypropylene-co-

maleic anhydride, were kindly supplied by Solvay Ad-

vanced Functional Minerals (France). Two types of
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CaCO3 nanofillers, with different aspect ratio, were

used: spherical and elongated.

Literature data indicate that CaCO3 nanopowder

does not undergo degradation phenomena at the tem-

peratures used for melt mixing and crystallization

analyses of the nanocomposites [16].

Preparation of ceramic nanocomposites

iPP/CaCO3 nanocomposites were obtained by mixing

the components in a Brabender-like apparatus

(Rheocord EC of HAAKE Inc., New Jersey, USA)

at 200°C and 32 rpm for 10 min. The mixing ratios of

iPP/CaCO3 (mass/mass) were: 100/0, 99/1, 97/3.

Plain iPP and iPP/CaCO3 nanocomposites were

compression-molded in a heated press at 200°C for

2 min without any applied pressure. After this period,

a pressure of 100 bar was applied for 3 min, then the

press platelets, containing coils for fluids, were rap-

idly cooled to room temperature by cold water. Fi-

nally, the pressure was released and the mold re-

moved from the plates.

Electron microscopy

Morphological analysis of CaCO3 nanoparticles was

conducted by scanning electron microscopy (SEM) us-

ing a Philips XL 20 series microscope. Before the elec-

tron microscopy observation, the surfaces were coated

with Au–Pd alloy with a SEM coating device (SEM

Coating Unit E5150 – Polaron Equipment Ltd.).

Calorimetry

The thermal properties were measured with a

differential scanning calorimeter Mettler DSC-30.

The apparatus was calibrated with pure indium, lead

and zinc standards at various scanning rates. Dry

nitrogen gas with a flow rate of 20 mL min–1 was

purged through the cell during all measurements and

thermal treatments.

Bulk crystallization kinetics of iPP/CaCO3 nano-

composites was analyzed in non-isothermal condi-

tions. The samples were heated from 30 to 190°C at a

scanning rate of 20 K min–1, kept at this temperature

for 2 min, then cooled to room temperature at four dif-

ferent scanning rates: 1, 2, 4 and 8 K min–1, then heated

at 20°C min–1. Dry nitrogen gas with a flow rate of

20 mL min–1 was purged through the cell.

The melting temperatures (Tm) were measured as

the minima of the endothermic peaks of DSC traces.

The crystalline fractions (Xc) were calculated by inte-

gration of the melting endotherms, using the literature

data for the enthalpy of fusion of iPP in the fully crys-

talline state of 210 J g–1 [13].

Thermogravimetry

The thermal stability of the samples was measured by

means of thermogravimetrical analysis (TG) with a

TC 10A Mettler TG equipped with a M3 analytical

thermobalance, by recording the mass loss as a func-

tion of temperature. Each sample was heated from 40

to 600°C at a scanning rate of 10 K min–1 in air atmo-

sphere. The degradation temperature (Td) was taken

as the temperature corresponding to 50% loss of the

initial mass.

Dynamic-mechanical analysis

Dynamic-mechanical data (DMTA) were collected at

1 Hz and at a heating rate of 3 K min–1 from –50 to

160°C under nitrogen with a Dynamic Mechanical

Thermal Analyser MK III, Polymer Laboratories,

configured for automatic data acquisition. The experi-

ments were performed in bending mode.

Optical microscopy

Spherulite growth rates were determined by optical mi-

croscopy, using a Zeiss polarizing microscope equipped

with a Linkam TMHS 600 hot stage. A small piece of

each sample was squeezed between two microscope

slides, then inserted in the hot stage. The thermal treat-

ments before isothermal crystallization were identical to

those used for the analysis of bulk crystallization rates.

iPP/CaCO3 samples were heated from 30 to 190°C at a

rate of 20 K min–1, melted at 190°C for 3 min, cooled at

a rate of 50 K min–1 to the selected crystallization tem-

perature (Tc) and allowed to isothermally crystallize.

The radius of the growing crystals was monitored by

taking photomicrographs at appropriate intervals of

time, using a JVC TK-1085E Video Camera coupled

with the software Image-Pro Plus 3.0. Dry nitrogen was

used as purge gas in the hot stage during all measure-

ments and thermal treatments.

Results and discussion

Nanoparticles

In order to determine the morphology of the nanosized

powder samples, the CaCO3 nanoparticles were ana-

lyzed as received by scanning electron microscopy

(SEM). The electron micrographs of the two fillers are

presented in Fig. 1. For both the samples the nano-

particles have some tendency to form aggregates, whose

dimensions are higher than those of the isolated parti-

cles. Formation of the aggregates is enhanced by the

polymeric coating (isotactic polypropylene grafted with

maleic anhydride). The presence of the coating also
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complicates the morphological analysis of the nanosized

particles, as surface details become difficult to resolve.

The electron micrographs evidence the different

morphology and aspect ratio of the fillers. Figure 1a

shows a large aggregate of elongated CaCO3 nano-

particles. The nanoparticles have a length of about

1 µm, and lateral dimensions ranging from 50 to

150 nm. The CaCO3 filler illustrated in Fig. 1a will be

denoted as ‘E’ (elongated) throughout the article. The

second type of CaCO3 nanopowders, shown in Fig. 1b,

have a spherical appearance, with diameter ranging

from 40 to 70 nm. These nanoparticles will be denoted

as ‘S’ (spherical).

Thermal properties of compression-molded
iPP/CaCO3 nanocomposites

The thermal stability of iPP and iPP-based nano-

composites was analyzed with thermogravimetry.

The values of the degradation temperature (Td), that

corresponds to 50% loss of initial mass, are presented

in the second column of Table 1. The presence of

nanoparticles raises the degradation temperature of

the material of about 20–25°C, the increase being

slightly more marked for the nanocomposite contain-

ing the elongated CaCO3 filler.

Results of DMTA tests are illustrated in Fig. 2.

Two major transitions can be evidenced for each sam-

ple. The first maximum in the tanδ vs. temperature

plot, centered around 20–25°C, is due to the glass tran-

sition (Tg) of the mobile amorphous phase (MAP) of

iPP, the second, broader, transition around 80°C is at-

tributed to Tg of the rigid amorphous phase (RAP) of

iPP [18]. Due to the broadness of the transition, no in-

fluence of CaCO3 on Tg of the RAP can be deduced

from the DMTA curves of Fig. 2. Conversely, some ef-

fects of CaCO3 on Tg of MAP of iPP can be observed,

as summarized in the third column of Table 1. The Tg

of plain iPP is 20°C, in agreement with data [19],

whereas higher values were observed for the rein-

forced samples. Increases of both the glass transition

and the degradation temperature in the presence of a

rigid filler into the polymeric matrix, are commonly

observed in ceramic nanocomposites [20]. These in-

creases arise from the strong interconnection and good

adhesion between the two phases, which reduces the

mobility of polypropylene chains, when nanoparticles

with a very high interfacial area are homogeneously

dispersed into the polymer matrix [21].
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Table 1 Thermal parameters of iPP and iPP/CaCO3

nanocomposites: decomposition temperature (Td),
and glass transition temperature (Tg)

Sample Td/°C Tg/°C

iPP 368 20

iPP+1% S 382 26

iPP+3% S 378 22

iPP+1% E 390 24

iPP+3% E 391 26

Fig. 1 Electron micrographs of the CaCO3 ceramic

nanopowder: a – Type-F CaCO3; b – Type-S CaCO3

Fig. 2 Tanδ curves of iPP/CaCO3 nanocomposites



Crystallization kinetics

The radial growth rates (G) of iPP spherulites as a

function of crystallization temperature are reported in

Fig. 3 for plain iPP and for the nanocomposites with

different composition. The addition of 3% of CaCO3

causes a very light decrease of the rate of spherulite

growth, compared to plain polypropylene, although

the difference is quite close to the experimental un-

certainty. When 1% of nanosized CaCO3 is added to

iPP, no remarkable effect on G is observable in the

explored temperature range.

The addition of a second component to a crystal-

lizable polymer often produces a decrease of the rate of

spherulite growth [22]. This decrease is caused by the

need to reject, occlude and/or deform the dispersed

particles, which results in an increase of the energy

barriers to crystal growth. These energy barriers, that

have been quantified for a few polymer-filler pairs

[22–24], are generally quite small, and depend on a se-

ries of parameters, including the amount and the di-

mension of the filler, as well as on the rate of spherulite

growth at a given temperature [24]. In several cases, it

has also been reported that the presence of dispersed

particles in binary non-miscible blends or composites

has no effect on the measured value of G [22]. The

very small size of the CaCO3 used, coupled with its

small amount in the nanocomposites, produces only a

very minor effect on the rate of growth of polypropy-

lene spherulites, which is slightly detectable only when

at least 3% of CaCO3 is added to iPP.

The bulk crystallization kinetics of iPP and the

nanocomposites was analyzed in dynamic conditions,

by cooling the samples from the melt at various scan-

ning rates. The influence of the filler on dynamic solidi-

fication of iPP is shown in Fig. 4, which presents the

thermoanalytical curves of iPP and iPP/CaCO3 nano-

composites crystallized at χ=8 K min–1. Similar trends

were obtained also for the other cooling rates. From the

solidification exotherms, the onset (Tb) and peak (Tp)

temperatures were measured, and are shown in Fig. 5.

Both Tb and Tp values depend on cooling rate and

composition. For every sample, with increasing the

cooling rate, χ, the crystallization curves shift to lower

temperatures, as typical for polymer crystallization: at

lower χ there is more time to overcome the energy bar-

riers for nucleation, so crystallization starts at higher

temperatures, whereas at higher χ the nuclei become

active at lower temperatures [25].

In polymer samples containing added foreign

particles, the temperature at which crystallization

starts is indicative of the effectiveness of the filler to
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Fig. 3 Spherulite growth rates of iPP/CaCO3 nanocomposites

Fig. 4 DSC thermoanalytical curves of iPP/CaCO3

nanocomposites at various compositions, measured dur-

ing cooling from the melt at 8 K min–1

Fig. 5 a – Onset and b – peak temperatures of crystallization

of iPP/CaCO3 nanocomposites at various cooling rates



promote heterogeneous nucleation [26]. The addition

of 3% CaCO3 induces crystallization to start at high

temperatures compared to plain iPP. When only

1% CaCO3 is present, the onset of phase transition is

slightly retarded, indicating that a minimum amount

of nanosized CaCO3 is needed to for an effective abil-

ity to nucleate iPP crystals. The efficiency of a nucle-

ating agent depends on a number of factors. Changes

in surface chemistry of the filler influences the behav-

ior significantly, because of the interactions between

the polymer matrix and the coating, as demonstrated

by a series of experiments conducted by Ribniká� on

isotactic polypropylene reinforced with a series of

calcite fillers characterized with different types of

coating [27]. In the case of CaCO3 coated with PP-

MA, the efficiency as nucleating agent is enhanced by

the presence of PP-MA, which can also crystallize, fa-

cilitating the attachment of crystallizing iPP chains

onto the CaCO3 surface. Morphology and dimensions

of the filler also have a dramatic on the ability to start

polymer crystallization.

The melting behavior of the nanocomposites, ana-

lyzed by DSC after dynamic crystallization, was found

to be unaffected by the presence of CaCO3: for a same

cooling rate, both melting temperature and enthalpy

were identical for plain iPP and 1 and 3% iPP/CaCO3

nanocomposites. No differences in melting temperature

of iPP spherulites after isothermal crystallization were

also observed by optical microscopy. As primary crys-

tallization upon cooling occurs at different temperatures

for the various iPP/CaCO3 compositions, as shown in

Figs 4 and 5, an influence of composition on fusion be-

havior might be expected [28]. However, it is likely that

the large reorganization of iPP crystals occurring during

the heating scan that leads to fusion, masks the differ-

ences in the thermal stability of the crystals that were

formed upon primary crystallization, resulting in a con-

stant melting point with CaCO3 content [25].

To analyze the kinetics of the non-isothermal crys-

tallization process, the method proposed by Ozawa [30]

was applied. According to Ozawa, the degree of conver-

sion at temperature T is related to the cooling rate χ by

the expression:

X T( ) –
–

= 1 e

k(T)

nχ
(1)

where X(T) is the relative crystallinity at temperature T,

n is the Avrami exponent, and k(T) is the cooling crys-

tallization function. Equation (1) can be rewritten as:

log{–ln[1–X(T)]}=log[k(T)]–nlogχ (2)

By plotting the left term of Eq. (2) vs. logχ, a

straight line should be obtained and the kinetic parame-

ter n can be derived from its slope. Previous investiga-

tions showed that this method can be applied to analyze

the dynamic solidification of plain iPP [31]. The

log{–ln[1–X(T)]} vs. logχ plots is exhibited in Fig. 6 for

a representative iPP/CaCO3 composition. Similar plots

were obtained for the other iPP/CaCO3 compositions.

Experimental data for plain iPP and the iPP/CaCO3

nanocomposites were fitted by straight lines, showing

that Ozawa equation can be successfully applied to de-

scribe the non-isothermal crystallization behavior of iPP

also in the presence of CaCO3. For all the analyzed sam-

ples, the Ozawa exponent is about 3, as often reported

for iPP [28, 31], indicating heterogeneous nucleation

and tridimensional growth of iPP crystals. Morphologi-

cal investigations conducted by optical microscopy con-

firmed the conclusions derived from Ozawa analysis.

Conclusions

The thermal properties of isotactic polypropylene can

be varied upon addition of nanosized CaCO3 particles.

The coating with iPP-MA facilitates the establishment

of interactions between the nanoparticles and the

polyolefin matrix, resulting in good adhesion level.

The addition of CaCO3 causes an increase in the

glass transition temperature and a better thermal stabil-

ity of the material. The presence of the nanofiller also

induces crystallization to start at higher temperatures

when at least 3% CaCO3 is added to iPP. The different

aspect ratio of the two types of CaCO3 particles used is

responsible for the diverse effect of calcium carbonate

particles on crystallization of iPP, mainly because of

the different specific surface of the filler in contact

with the polymer matrix.
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Fig. 6 Ozawa plot of iPP-CaCO3 nanocomposite with 1% of

type-E CaCO3 filler
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