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Abstract In this study, the effect of several inorganic

fillers: silicon oxide (SiO2), nanoclay (C20A), alumina

(Al2O3), and calcium carbonate (CaCO3) on the crystalli-

zation behavior of polypropylene were analyzed for com-

posites with fixed filler content (5 mass%) prepared by

intensive mixing following by compression molding. In

addition, for calcium carbonate, which produces the high-

est increase on toughness, PP grafted with maleic anhy-

dride (PP-g-MA) was added to enhance the compatibility.

In that case, different content of particles was used (from 5

to 20 mass%) and the synergic effect of both incorpora-

tions was demonstrated. For this purpose, isothermal and

non-isothermal crystallization tests were carried out in the

bulk (by differential scanning calorimetry). In addition, the

spherulitic growth was studied (by optical microscopy).

Different models were used to predict the relative degree of

crystallinity and several parameters were analyzed. All

results indicate that whereas alumina and calcium car-

bonate acted as nucleating agents, silica and nanoclay

displayed an opposite behavior. The full models that take

into account the different parameters during cooling under

isothermal and non-isothermal conditions were used to

construct continuous cooling transformation and time

temperature transformation diagrams. Both kind of dia-

grams provide a fundamental tool to understand the crys-

tallization behavior of studied composites and are useful to

determine the processing conditions.

Keywords Crystallization � Polypropylene � Modeling �
Fillers � Compatibility

Introduction

Natural inorganic fillers like talc, silica, alumina, clay, and

calcium carbonate are added to thermoplastics and ther-

mosetting polymers for different applications [1–3]. The

use of these additives causes changes in several properties

such as heat distortion temperature, hardness, toughness,

stiffness, and shrinkage [4, 5]. The effect of filler on the

properties of composites strongly depends on its shape,

size, aggregate size, and degree of dispersion which is

related mainly with the matrix/filler compatibility and the

processing technique [6, 7]. One of the polyolefin most

used to prepare composites is polypropylene (PP) whose

properties depend on the crystalline structure [8]. Many

studies related to the crystallization kinetics of PP with

various types of fillers such as SiO2 [8, 9], CaCO3 [2, 10],

Al2O3 [11], and nanoclay [12–14] have been published.

These studies have shown that fillers can either increase or

decrease the global crystallization rate of PP. In addition,

maleic anhydride grafted PP (PP-g-MA) can be used in

order to improve the PP/clay compatibility; in the last case,

another effect should be taken into account: the use of PP-

g-MA compatibilizer contributes to the retardation of the

quiescent isothermal crystallization kinetics [12, 15, 16].

Several authors have demonstrated the nucleating and

accelerating effects of nanoclay on the crystallization

behavior of semicrystalline polymers in different ways.

Several studies were related with experimental parameters

such as the increase on the melting and crystallization

temperatures or the crystallization rate [8, 9, 13, 17–20].

On the other hand, dissimilar results related with the
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applicability of different models are found in the literature:

whereas some authors [20] asserted that Avrami and

Ozawa are inapplicable and Mo’s model is useful to

describe the non-isothermal crystallization behavior of

nanocomposites; other ones [9] claimed that Avrami’s but

not Ozawa’s was applicable. In addition, diverse results [9,

19, 21] regarding model parameters were found. Another

contradiction is related to the clay/matrix compatibility:

whereas some works [22] demonstrated that the higher the

dispersion degree produce a decrease on the nucleation

effect, another ones [19] stated that the higher clay inter-

layer spacing, due to the increased compatibility, improved

the nucleation effect.

In a previous study, the effect of different fillers on the

toughness of PP homopolymer was studied. The composite

with CaCO3 displayed the highest ductility and toughness,

in tensile tests, among all studied materials [23]. The aim

of this study was to study and to model the crystallization

process (isothermal, non-isothermal, and spherulitic

growth) of PP reinforced with different fillers. In addition,

the effect filler/matrix compatibility (incorporating PP-g-

MA) on the experimental behavior and parameters

obtained from several models will be analyzed. Due to the

previously explained contradictory results regarding the

effect of fillers on crystallization behavior of PP, the main

idea of this study was to show the consequence of different

fillers with the same PP as matrix.

Experimental

Materials and methods

Isotactic PP (PP 1100N, MFI = 11; Tm = 166 �C) kindly

supplied by Petroquı́mica Cuyo, Argentina, was used as

matrix. Four different commercially available additives:

Silicon oxide (SiO2), Aluminum oxide (Al2O3), Calcium

carbonate (CaCO3) (Sigma-Aldrich), and Cloisite 20A�

(C20A, Southern Clay Products Inc., USA) were employed

as fillers. They were used as received. Their characteristics

are shown in Table 1.

In order to improve the compatibility between PP and

CaCO3, 10 mass% of maleic anhydride grafted PP (PP-g-

MA) (Epolene E-43 wax, maleic anhydride \ 0.7%, East-

man Chemical Company, USA) was also added in the

formulation of some composites.

Composites preparation

The composites were prepared in an intensive mixer (type

Brabender) at 180 �C; the speed of rotation and the mixing

time were 50 rpm and 10 min, respectively. 5 mass% of

different fillers was used. After mixing, 3-mm plaques were

compression molded in a hydraulic press for 10 min at

180 �C under a pressure of 50 kg cm-2. Once the effect of

fillers was studied, the effect of PP-g-MA incorporation

was analyzed by preparing the following materials:

10 mass% of PP-g-MA was incorporated to the neat matrix

(PP); 10 mass% of PP-g-MA was incorporated to PP with

5, 10, and 20 mass% of CaCO3 composites.

Transmission electron microscopy (TEM)

Transmission electron microscope JEOL CX II, using an

acceleration voltage of 80 kV, was used in order to observe

the dispersion of different fillers within the polymer chains.

Samples were sectioned in a LKB ultramicrotome with a

diamond knife.

Scanning electron microscopy (SEM)

The dispersion of CaCO3 on a microscopic scale was

examined using SEM equipment (Philips model JEOL

JSM-6460 LV). Specimens were cooled in liquid air and

then broken.

Differential scanning calorimeter

DSC Perkin Elmer 7 was used to study the isothermal and

non-isothermal crystallization processes. All DSC tests

were performed under nitrogen atmosphere. In both cases;

a first run was done from room temperature to 200 �C at a

heating rate of 10 �C min-1. After that the samples were

maintained for 5 min at 200 �C and then: (a) Isothermal

crystallization: they were cooled to the crystallization

temperature at 30 �C min-1, and maintained at the crys-

tallization temperature for 30 min to let complete crystal-

lization. The material was crystallized in the temperature

range of 127–135 �C. Then the samples were heated from

the crystallization temperature to 200 �C at 10 �C min-1 in

order to melt all crystals produced at the crystallization

temperature and to find the melting temperature and

(b) Non-isothermal crystallization: they were cooled from

200 �C to room temperature at different cooling rates (5,

10, 15, 20, and 30 �C min-1).

Table 1 Characteristics of the different filler used

Filler Particle

dimensions/nm

Volume

fraction/%

Specific density/

g cm-3

SiO2 10 2.0 2.33

Al2O3 \50 1.2 4.00

CaCO3 10.000–30.000 1.6 2.93

C20A d001 = 2.44 2.8 1.77
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Transmission optical microscopy (TOM)

An optical microscopy Leica DM LB, with a hot stage

Linkam THMS 600 and a cross polarizer, was used for this

study. Samples were prepared by cutting small pieces from

films. These samples were heated from room temperature

to 200 �C at 10 �C min-1, kept 10 min at 200 �C and then

they were quickly cooled to the crystallization temperature

(140 �C) and maintained at least 10 min. Polarized light

was used in order to observe the spherulites morphology.

Pictures of the spherulites were taken at several times and

their radii were measured by using a software tool. The

time-lapsed frames were recorded in order to determine the

spherulitic growth rate.

Results and discussion

The degree of crystallinity was calculated by using the

following equation [24]:

Xcrð%Þ ¼ ðDHf=wPP � DH100Þ � 100 ð1Þ

where DHf is the experimental heat of fusion, wPP is the PP

mass fraction, and DH100 is the heat of fusion of 100%

crystalline PP and its value is 207.1 J g-1 [25].

The degree of crystallinity was almost constant

(44.8 ± 1.3%) for the matrix and all composites. A similar

value and tendency were found by other authors [26, 27].

This is an expected behavior because only a small portion

of the added particles have an effect on the nucleation [28,

29] whereas most of them restrict the motion of PP chains;

the restricted chains might not crystallize decreasing the

crystallinity degree.

Bulk-isothermal crystallization process

From the fusion temperature after each crystallization step,

the Tm
0 (thermodynamic melting point) was determined by

using the Hoffman-Weeks method, extrapolating the

experimental points of Tm = f (Tc) plot to the interception

with the Tm = Tc plot [30]. According with previous

results [31, 32], Tm
0 was practically constant (181.6 ±

2.1 �C) for all materials. This result supports the idea that

the particles do not have an important effect on the per-

fection of PP crystallites. The incorporation of PP-g-MA to

the neat matrix did not have any important effect on the

theoretical melting point. The same is valid for modified

PP-matrix with 5, 10, and 20 mass% of calcium carbonate.

Figure 1 show TEM and SEM micrographs of PP with

5 mass% of different fillers. The dispersion of fillers is not

completely homogeneous. As the matrix is hydrophobic

and the fillers are hydrophilic, there is necessary to

improve the interactions between both. For this purpose,

there are two options: one possibility is to functionalize the

polymer by the addition of functional oligomers, for

example PP-g-MA, and the other one is to modify the

fillers. Figure 1e shows a micrograph of PP–10 mass%

MA–5 mass% CaCO3. It can be observed that the disper-

sion was improved due to the incorporation of the

compatibilizer.

Overall crystallization rate

Figure 2 show the degree of crystallinity as a function of

time (Tc = 129 �C), for the matrix and composites (a)

and when the compatibilizer (PP-g-MA) (b) was used.

Figure 2a shows that SiO2 and nanoclay particles delayed

the crystallization process [33–36] whereas Al2O3 and

CaCO3 [37, 38] particles accelerate it.

On the other hand, from Fig. 2b, it is clear that the

addition of PP-g-MA delayed the crystallization process

[12, 15, 16], but as the quantity of CaCO3 raised, this

Fig. 1 Electronic micrographics for: a PP–5 mass% C20A, b PP–

5 mass% SiO2, c PP–5 mass% Al2O3, d PP–5 mass% CaCO3, and

e PP/10 mass%; PP-g-MA 5 mass% CaCO3. a–c TEM, d, e SEM
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behavior was changed; because particles accelerate the

crystallization process, as it was previously explained.

An approximation of the crystallization rate can be

made by calculating the overall crystallization rate (t�
-1),

where t� (half-crystallization time) is the time at which the

relative degree of crystallinity (a) approach to 0.5. This

parameter is proportional to both the primary nucleation

rate and the crystal/spherulite growth.

Figure 3 show the experimental overall crystallization

rate (OCR) as a function of crystallization temperature. It

can be observed that this parameter decreases as the crys-

tallization temperature becomes higher due to the lower

undercooling degree, i.e., the lower crystallization driving

force. Some studies [33, 34] have shown the nucleating

effect of SiO2 and clay but for lower nanofiller contents.

While the composites with 5 mass% Al2O3 and 5 mass%

CaCO3 crystallized faster than PP-matrix, because the

inorganic particles serve as additional nucleation sites,

those with SiO2 and C20A do it slower which is in

accordance with previous analysis. The heterogeneous

nucleation effect was lower with the C20A due to the major

compatibilization between PP and the clay (the C20A Clay

have an organic modifier) [39]. The same behavior was

observed when PP-g-MA was introduced. Once again,

composites with PP-g-MA and calcium carbonate showed

an increased crystallization rate as a function of particle

content, and this could be associated with its nucleation

effect.

Some authors have reported that at low concentrations the

influence of silicate layers, as nucleating agents dominates,

while at higher concentrations, the influence of silicate

layers as inhibitor of the crystallization becomes predomi-

nant [33, 35]. Homminga et al. [33] have attributed this

phenomenon to two possible causes: (a) the silicate layers

are non-crystallisable barriers for the crystallization of the

polymer matrix, which disturb the laterally growing of

crystalline lamellae and (b) a decrease in crystal growth rate

that is caused by silicate layers through their hindrance on

0

0 50 100 150 200 250 300 350 400 450 500

0.0

0.2

0.4

129 °C

129 °C

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

50

PP
PP–5 mass% SiO2

PP–5 mass% CaCO3

PP–5 mass% Al2O3

PP–5 mass% C20A

PP
PP–5 mass% CaCO3

PP–10 mass% PP-g-MA–20 mass% CaCO3

PP–10 mass% PP-g-MA–10 mass% CaCO3

PP–10 mass% PP-g-MA–5 mass% CaCO3

PP–10 mass% PP-g-MA

100 150

Time/s

a

b

Time/s

200

α
α

Fig. 2 Relative degree of crystallinity as a function of time at 129 �C

for: a PP-matrix and composites: PP–5 mass% SiO2, PP–5 mass%

Al2O3, PP–5 mass% CaCO3, and PP–5 mass% C20A; b PP and PP/

10 mass%. PP-g-MA matrices and composites: PP/10 mass% PP-g-

MA 5 mass% CaCO3; PP/10 mass% PP-g-MA 10 mass% CaCO3, and

PP/10 mass%. PP-g-MA 20 mass% CaCO3

126

a

b

O
ve

ra
ll 

cr
ys

ta
lli

za
tio

n/
s–1

O
ve

ra
ll 

cr
ys

ta
lli

za
tio

n/
s–1

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

0.020

0.022

0.002

0.000

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

0.020

0.022

128 130

PP
PP–5 mass% SiO2

PP
PP–5 mass% CaCO3

PP–10 mass% PP-g-MA–20 mass% CaCO3

PP–10 mass% PP-g-MA–10 mass% CaCO3

PP–10 mass% PP-g-MA–5 mass% CaCO3

PP–10 mass% PP-g-MA

PP–5 mass% CaCO3

PP–5 mass% Al2O3

PP–5 mass% C20A

132

Tc/°C
134 136

126 128 130 132

Tc/°C
134 136

Fig. 3 Overall crystallization rate as a function of crystallization

temperature for: a PP-matrix and composites: PP–5 mass% SiO2, PP–

5 mass% Al2O3, PP–5 mass% CaCO3, and PP–5 mass% C20A. b PP

and PP/10 mass% PP-g-MA matrices and composites PP/10 mass%

PP-g-MA 5 mass% CaCO3; PP/10 mass% PP-g-MA 10 mass%

CaCO3, and PP/10 mass% PP-g-MA 20 mass% CaCO3

636 V. A. Alvarez, C. J. Pérez
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polymer chain motion. This disturbed crystal growth, how-

ever, does not result in visible changes in the semicrystalline

stack morphology or the crystal perfection. On the other

hand, Krikorian et al. [22] have shown that when the mod-

ified clay was highly miscible with the matrix, i.e., exfoli-

ated nanocomposites; the bulk crystallization became

slower. Meanwhile, when the miscibility was lower, i.e.,

intercalated nanocomposites, the bulk crystallization

became faster and the degree of crystallinity became higher.

Similar behavior was also found other authors [40, 41].

Modeling of isothermal crystallization process

The crystallization kinetics of polymeric matrices under

isothermal conditions can be modeled by the Avrami

equation [42] which general form is given as:

a ¼ 1� expð�k � tnÞ ð2Þ

where n is the Avrami exponent and k is a rate constant.

The Avrami exponent value depends on two factors: the

nucleation mechanism and the geometry of crystal growth.

On the other hand, the rate constant k includes nucleation as

well as growth-rate parameters. This last parameter usually

follows an Arrhenius type relationship with temperature:

k ¼ k0 � expðE=ðRDTÞÞ ð3Þ

where k0 is the preexponential factor and E is the total

activation energy. The parameters of Avrami equation were

calculated in the range of a between 0.1 and 0.9. The

obtained values are summarized in Table 3, whereas

average values for n are included in Table 2. The average

value of n was equal to 2.93 ± 0.15 [43, 44], indicating a

three-dimensional growth.

Table 2 Parameters of isothermal crystallization for different materials studied

OCR experimental OCR predicted naverage Ea/kJ mol-1 Xc/%

Matrix

PP 0.013 0.013 2.97 ± 0.06 594 45.4

Effect of particles

PP 5.0 mass% SiO2 0.011 0.012 2.99 ± 0.07 655 43.6

PP 5.0 mass% Al2O3 0.014 0.013 2.76 ± 0.12 514 40.6

PP 5.0 mass% CaCO3 0.014 0.014 2.76 ± 0.15 572

PP 5.0 mass% C20A 0.012 0.013 2.85 ± 0.09 637 43.5

Effect of PP-g-MA

PP 10 mass% PP-g-MA 0.006 0.0058 3.05 ± 0.12 601 43.5

PP 10 mass% PP-g-MA–5 mass% CaCO3 0.008 0.0085 3.05 ± 0.14 552 43.0

PP 10 mass% PP-g-MA–10 mass% CaCO3 0.009 0.009 3.04 ± 0.12 542 39.0

PP 10 mass% PP-g-MA–20 mass% CaCO3 0.010 0.0095 3.08 ± 0.17 528 36.4

Table 3 Parameters of Avrami equation for matrix and composites as a function of crystallization temperature

Temperature/�C 127 129 131 133 135

n k (9106) n k (9106) n k (9106) n k (9106) n k (9106)

Matrix

PP 2.9 3.8 2.9 2.1 3.0 1.05 3.05 0.54 3.0 0.26

Effect of particles

PP 5.0 mass% SiO2 2.9 3.2 2.9 1.5 2.9 0.94 3.0 0.49 3.1 0.25

PP 5.0 mass% Al2O3 2.7 3.7 2.8 1.8 2.8 0.97 2.9 0.51 3.0 0.24

PP 5.0 mass% CaCO3 2.6 4.3 2.7 2.5 2.8 1.3 2.8 0.76 2.9 0.47

PP 5.0 mass% C20A 2.6 4.0 2.7 2.1 2.8 1.2 2.9 0.57 3.0 0.31

Effect of PP-g-MA

PP 10 mass%. PP-g-MA 2.9 0.42 3.1 0.21 3.1 0.11 3.0 0.06 3.1 0.03

PP 10 mass% PP-g-MA–5 mass% CaCO3 2.9 1.00 2.9 0.60 3.1 0.27 3.1 0.14 3.2 0.08

PP 10 mass% PP-g-MA–10 mass% CaCO3 2.9 1.30 2.9 0.72 3.1 0.35 3.2 0.17 3.1 0.08

PP 10 mass% PP-g-MA–20 mass% CaCO3 3.0 1.60 2.8 1.00 3.1 0.46 3.1 0.25 3.3 0.12
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In all cases, the rate constant, k, decreased with the

increase on the crystallization temperature [9]. In addition,

the parameter k, increased for accelerating particles

(CaCO3 and Al2O3) whereas decreased for retardant ones

(SiO2 and C20A). On the other hand, the addition of PP-g-

MA produced a decrease on k which is related with a

slower crystallization process. The results indicate that this

parameter (k) could be useful to understand the nucleation

and fastening effect of filler because a higher value of

k implies a higher nucleation effect.

The preexponential factors (k0) and activation energies

(Ea) were obtained from a typical nonlinear regression

method. The values of activation energies (for an average

n of 2.93) are also included in Table 2. The addition of

Al2O3 and CaCO3 produced a decrease on the Ea whereas

the incorporation of SiO2 and clay produced an increase on

this parameter. On the other hand, the trend with PP-g-MA

and the posterior incorporation of CaCO3 was the expected

one: activation energy increased (with PP-g-MA) and the

decreased (with increasing the content of calcium

carbonate).

Non-isothermal crystallization analysis

From the crystallization curves, at different cooling rates,

some data useful to describe their non-isothermal crystal-

lization behavior, such as the exothermic peak temperature

(Tp) and the onset crystallization temperature (To) can be

obtained. There were no important differences on the

undercooling degree for different fillers (see Table 4). It

was observed that, in all cases, DTp increased with

increased cooling rate because more nuclei became active

at lower temperatures [45], conducting to smaller spheru-

lites during the heterogeneous nucleation process. DTp and

also t1/2 for a cooling rate of 10 �C min-1 are summarized

in Table 4. The most relevant parameters of used models

are also included in that table. It can be observed that, for a

fixed cooling rate, the half-crystallization times for

composites with alumina and calcium carbonate were

lower than for the neat PP implying that the addition of

these fillers can accelerate the overall crystallization pro-

cess [8] whereas the values for silica and nanoclay were

higher. On the other hand, t1/2 clearly increased with PP-g-

MA addition but then decreased as a function of CaCO3

content.

Modeling of non-isothermal crystallization process

The relative degree of crystallinity as a function of tem-

perature, a(T), can be calculated as:

aðTÞ ¼
ZT

To

ððdHc=dTÞdTÞ
,ZT1

To

ð dHc=dtð ÞdTÞ ð4Þ

where To and T? represent the onset and final crystallization

temperatures, respectively and Hc is the crystallization

enthalpy. Assuming that non-isothermal crystallization

process may be composed by infinitesimally small

isothermal crystallization steps, Ozawa [46] extended the

Avrami equation for the non-isothermal case as follows:

1� a ¼ expð�KðTÞ=/mÞ ð5Þ

where K(T) is a function of cooling rate, / is the cooling

rate, and m is the Ozawa exponent that depends on the

crystal growth. Equation 6 can be transformed in:

lnð� lnð1� aÞÞ ¼ lnðKðTÞÞ � m ln / ð6Þ

By plotting ln (-ln (1 - a)) versus ln/ at a given

temperature, a straight line should be obtained being

possible to calculate K(T) and m.

Another method, developed by Mo [47], can be also

employed to describe the non-isothermal crystallization

process, for which physical variables are: the relative

degree of crystallinity (Xt), the cooling rate (/), and the

crystallization temperature (Tc). Both equations can be

related as follows:

Table 4 Parameters of non-isothermal crystallization for all studied materials

DTp/8C
10 �C min-1

t1/2/s

10 �C min-1
Ea (kisinger)/

kJ mol-1
Ozawa Avrami Mo

K(T) m Zc n b F(T)

PP 60.8 71 217 6300 3.4 0.023 8.3 1.18 15.5

PP 5.0 mass% SiO2 59.7 123 232 2900 3.3 0.016 9.3 1.05 13.1

PP 5.0 mass% Al2O3 60.7 70 202 7100 3.5 0.080 5.8 1.20 13.6

PP 5.0 mass% CaCO3 60.7 66 205 8800 3.5 0.043 7.1 1.17 13.5

PP 5.0 mass% C20A 60.9 125 219 4700 3.2 0.020 8.8 1.11 13.7

DTp = Tm
0 - Tp. Tp peak temperature at cooling rate of 10 �C min-1, t1/2 10 �C m-1: half-crystallization time at cooling rate of 10 �C min-1, Ea

activation energy for the transport of the macromolecular segments to the growing surface (Kissinger method), Ozawa parameters of Ozawa’s

model obtained at T = 118 �C, Avrami parameters of Avrami’s model obtained at 10 �C min-1, Mo parameters of Mo’s model obtained for

a = 0.6
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ln Zt þ n ln t ¼ ln KðTÞ � m ln / ð7Þ

Rearranging the previous equation at a given crys-

tallinity Xt

ln / ¼ ln FðTÞ � a ln t ð8Þ

where F(T) = [K(T)�Zt
-1]m-1 refers to the cooling rate,

which must be chosen within unit crystallization time when

the measured system amounts to a certain degree of crys-

tallinity, a = n�m-1, the ratio of Avrami exponent to

Ozawa exponent.

Kissinger [48] have suggested a method to determine the

activation energy for the transport of the macromolecular

segments to the growing surface, DET, by calculating the

variation of temperature peak (Tp) with the cooling rate /.

The equation is expressed as follows:

d ln /
.

T2
p

� �� ��
d 1
�
Tp

� 	
¼ �DE=R ð9Þ

where R is the gas constant. The values of lnð/ ðT2
p Þ
�1Þ

were plotted as a function of Tp
-1 and good relations were

obtained. From these plots, the activation energy for the

transport of the macromolecular segments to the growing

surface (Kissinger’s method) was estimated and the values

are also included in Table 4. The results of activation

energies of non-isothermal melt crystallization also show

the nucleating effect of alumina and calcium carbonate and

the retardant effect of SiO2 and C20A, as it was previously

discussed. Other authors [18, 49] have found a similar

trend on activation energy. In the case of PP modified with

PP-g-MA, the obtained values were lower than that of the

matrix but the same may be higher because the retardant

effect, the crystallization ability of PP-g-MA is lower than

that of PP because of the lower chain regularity. Moreover,

PP-g-MA with low maleic anhydride content is compatible

with PP. Therefore, the crystallization rate in the PP/PP-g-

MA blends is reduced due to the presence of the compat-

ible polymeric additive with lower crystallization ability

[15]. So, the observed trend may result from a decrease in

the viscosity when the PP is blended with the PP-g-MA,

decreasing the restriction on the polymer chains motion.

There are two simultaneous effects with the addition of

CaCO3: the CaCO3 is a nucleating agent (Ea decrease) but

the viscosity increased (Ea increase). The global result

shows that the Ea is almost constant.

Results of the application of Ozawa’s model are shown

in Table 5. The value of K(T) increased as the crystalli-

zation temperature decreased (higher driving force for the

crystallization process) for the matrix and PP–5 mass%

CaCO3 and PP–5 mass% Al2O3 composites. The values

were higher for the composites than for the matrix, at any

given crystallization temperature, indicating that compos-

ites crystallized faster than the pure matrix, which is also

coincident with all previous results. On other hand, the

contrary effect is observed in the composites PP–5 mass%

SiO2 and PP–5 mass% C20A.

The parameters obtained by using Avrami’s model are

displayed in Table 6. Zt and n do not have the same

physical meaning than in isothermal crystallization because

under non-isothermal crystallization the temperature

changes continuously affect the nuclei formation and

spherulite growth rate. The corrected crystallization con-

stant (Zc) increased as a function of cooling rate. The

values of Zc are smaller for PP–5 mass% SiO2 and PP–

5 mass% C20A composites than for the matrix (retardant

effect) meanwhile composites PP–5 mass% Al2O3 and PP–

5 mass% CaCO3 displayed the opposite effect. At fixed

cooling rate, n decreased for the composites that showed a

nucleating effect.

The combination of Ozawa and Avrami models leads to

Mo analysis, whose parameters are summarized in Table 7.

F(T) and b increased with the relative degree of crystal-

linity (a). No significant tendency was observed with dif-

ferent fillers. Although this last model correctly represents

the experimental crystallization curves for all composites,

the parameters do not appear to be adequate to establish the

nucleating or retarding effect of the fillers.

It is possible to obtain global kinetic model that allow

predicting the crystallinity development under any cooling

conditions, such as real industrial processing conditions.

That is a very important tool to design the processing steps

of a semicrystalline polymer. That full model is also useful

for the construction of phase diagrams. These diagrams

allow estimating the nucleation and growth of crystals for

specific cooling conditions. Two types of diagrams are

commonly used: (1) TTT: Time–Temperature–Transfor-

mations plots (isothermal processes) and (2) CCT: Con-

tinuous Cooling Transformations plots (at constant cooling

rate) in which the crystallinity is related with time and

temperature at constant cooling rate. This approach permits

the knowledge of the entire crystallization process [50, 51].

CCT and TTT plots of studied materials are shown in

Fig. 4 (a: composites with different fillers and b: compos-

ites modified with PP-g-MA). The curves for the relative

Table 5 Ozawa’s parameters for different studied materials

T/�C 116 118 120

Sample m K(T) m K(T) m K(T)

PP 3.1 7500 3.4 6300 3.7 6000

Effect of particles

PP 5 mass% SiO2 2.7 1000 3.3 2900 3.5 4200

PP 5 mass% Al2O3 3.3 12600 3.5 7080 3.6 6470

PP 5 mass% CaCO3 3.4 18900 3.5 8800 3.8 7100

PP 5 mass% C20A 2.7 1800 3.2 4700 3.9 5900
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degree of crystallinity of 0.5 (CCT) and 0.9 (TTT) are

plotted as a function of time. Each point on these curves

has been obtained by integrating the full model (nucleation

and growth) at a given constant temperature or at a constant

cooling rate. Both diagrams of composites with different

fillers reveal that the same relative crystallinity degree is

reached at lower time for 5 mass% CaCO3 and 5 mass%

Al2O3 composites, demonstrating that these particles act as

nucleating agent during the crystallization process. An

opposite effect was observed for 5 mass% SiO2 and

5 mass% C20A composites. On the other hand, diagrams

of composites with PP-g-MA, disclosed that PP modified

with 10 mass% PP-g-MA present the highest retarding

effect (longest time is required to reach the same relative

crystallinity degree). Then, this effect decreased with the

continuous addition of CaCO3.

Spherulitic growth

Figure 5 shows the micrographs of growing spherulites for

PP modified with 10 mass% PP-g-MA at 140 �C and two

different times (360 and 720 s). The morphology of

spherulites (not shown) was quite similar for all studied

materials. Table 8 summarized the number of growing

nucleus and the spherulites radius at the same time and

undercooling degree for matrix and selected composites.

The number of growing nucleus was higher for composites

with 5 mass% Al2O3 and 5 mass% CaCO3, and it can be

attributed to the nucleating effect of the particles which in

turns coincides with the studies carried out with DSC. On

the other hand, the opposite effect was obtained for com-

posites with 5 mass% C20A and 5 mass% SiO2. A similar

behavior was found for the spherulite radius of composites

(140 �C, 360 s). In the case of composites modified with

Table 6 Avrami’s parameters for the different studied materials

/ 5 10 15 20 30

Sample n Zc n Zc n Zc n Zc n Zc

PP 7.7 5e-4 8.3 0.023 8.2 0.10 7.5 0.23 7.1 0.44

Effect of particles

PP 5 mass% SiO2 9.7 4e-5 9.3 0.016 9.0 0.09 8.6 0.20 7.6 0.44

PP 5 mass% Al2O3 6.9 1e-3 5.8 0.080 5.6 0.22 5.5 0.35 4.6 0.58

PP 5 mass% CaCO3 7.4 7e-4 7.1 0.043 6.3 0.19 6.4 0.30 6.2 0.49

PP 5 mass% C20A 9.0 4e-4 8.8 0.02 8.4 0.08 8.2 0.17 7.3 0.43

Table 7 Mo’s parameters for the different studied materials

0.2 0.4 0.6 0.8

Sample b F(T) b F(T) b F(T) b F(T)

PP 1.15 12.5 1.16 14.1 1.18 15.5 1.21 17.5

Effect of particles

PP 5 mass% SiO2 1.02 11.0 1.05 12.1 1.05 13.1 1.10 14.4

PP 5 mass% Al2O3 1.13 10.3 1.15 11.9 1.20 13.6 1.27 15.9

PP 5 mass%

CaCO3

1.13 10.6 1.16 12.2 1.17 13.5 1.21 15.2

PP 5 mass% C20A 1.07 11.0 1.10 12.5 1.11 13.7 1.15 15.5
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Fig. 4 CTT and TTT diagrams for: a PP-matrix and composites: PP–

5 mass% SiO2, PP–5 mass% Al2O3, PP–5 mass% CaCO3 and PP–

5 mass% C20A. b PP and composites: PP/10 mass% PP-g-MA

5 mass% CaCO3; PP/10 mass% PP-g-MA 10 mass% CaCO3 and PP/

10 mass% PP-g-MA 20 mass% CaCO3

640 V. A. Alvarez, C. J. Pérez
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PP-g-MA, the number of growing nucleus notoriously

decreased (due to the restriction and delaying of the crys-

tallization) but increased as a function of the content of

CaCO3.

The spherulites radius as a function of time for the

matrix and composites, at the same undercooling degree,

were plotted. At least eight spherulites were measured for

each test. It was observed that the spherulite radius

increased linearly with the time in all cases. This behavior

was observed at all undercooling degrees and indicated that

the growth rate is independent of the spherulites size. The

spherulitic growth rate was calculated as G = dR/dt which

is the slope of the experimental radius versus time curve at

each temperature. The obtained values (at Tc = 140 �C)

are also included in Table 8. The spherulitic growth rate

increased by the incorporation of the nucleating agent

(CaCO3 and Al2O3) and decreased by the incorporation of

the retarding ones (SiO2 and C20A). Comparing compos-

ites with PP-g-MA, it can be observed that the spherulitic

growth rate increased with the increase on the content of

CaCO3. In addition, in all cases, the spherulitic growth rate

increased with the undercooling degree.

Conclusions

The effect of several inorganic fillers: silica (SiO2), nano-

clay (C20A), alumina (Al2O3), and calcium carbonate

(CaCO3) on the crystallization behavior of PP was estab-

lished. All experimental and models parameters results

indicate that whereas alumina and calcium carbonate acted

as nucleating agents, silica and nanoclay displayed the

opposite behavior. PP grafted with maleic anhydride (PP-g-

MA) produced an increase on the compatibility but with a

clear reduction on the crystallization rate due to the pres-

ence of the compatible additive with lower crystallization

ability. The subsequent addition of calcium carbonate

produced a competitive effect: the retardant one associated

with PP-g-MA and the accelerating one related with the

particles being the final behavior dependent on the balance

of both outcomes.

The spherulitic growth rate increased for the nucleating

agents (CaCO3 and Al2O3) but decreased through the

retarding ones (SiO2 and C20A). The spherulitic growth

increased with the content of CaCO3 for composites with

PP-g-MA. CCT and TTT diagrams were constructed for all

systems. These diagrams allow the determination of the

crystallinity degree for different processing conditions. This

information is very useful for the design and optimization of

Fig. 5 Spherulites morphology of PP–10 mass% PP-g-MA crystal-

lized at 140 �C for different times: a 360 and b 720 s

Table 8 Parameters of spherulitic growth

Sample Growing

nucleus

number/mm-2

140 �C, 360 s

Spherulites

radius/lm

140 �C,

360 s

G/lm s-1

140 �C

Matrix

PP 130 ± 35 17 ± 2 0.040 ± 0.01

Effect of particles

PP–5 mass% SiO2 125 ± 11 11 ± 2.1 0.031 ± 0.01

PP–5 mass%

Al2O3

210 ± 12 20 ± 2.2 0.042 ± 0.003

PP–5 mass%

CaCO3

139 ± 12 18 ± 3 0.047 ± 0.004

PP–5 mass%

C20A

100 ± 12 15 ± 3.2 0.037 ± 0.004

Effect of PP-g-MA

PP 10 mass%. PP-

g-MA

25 ± 3 13 ± 2.1 0.030 ± 0.003

PP 10 mass% PP-

g-MA–5 mass%

CaCO3

52 ± 6 11 ± 2.4 0.032 ± 0.005

PP 10 mass% PP-

g-MA–10 mass%

CaCO3

67 ± 7 13 ± 1.4 0.035 ± 0.004

PP 10 mass% PP-

g-MA–20 mass%

CaCO3

71 ± 8 11 ± 3.2 0.037 ± 0.003
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processing steps. Besides, these diagrams confirmed the

nucleating and retarding effect of different fillers in accor-

dance with all previous analysis.

The efficiency of filler on crystal nucleation and growth

seems to be related with the filler-matrix compatibility.
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