
Introduction

Biodegradable polymers are growing mainly due to

ecological reasons [1–3]. Commercial starch based

blends are very useful for the management of

post-consumer waste and are used especially for

packaging industry [4–6].

Polymeric materials have been filled with several

inorganic synthetic and/or natural compounds in order

to increase several properties (especially mechanical

and impact properties) and decrease others (such as

gas permeability) [7–16].

In the case of crystalline polymers, mechanical and

physical properties are strongly dependent on the crystal

structure and morphology that are related with the

crystallization degree. Cyras et al. [4] have studied

the effect of natural fibres (sisal) on the crystallization

behaviour of MaterBi-Z (polycaprolactone/starch

blend). They have found that the Avrami exponent, n,

was close to 2 for the matrix and that this exponent

remained constant when sisal fibres were incorporated

up to 30 mass%. On the other hand, they demonstrated

that for a given crystallization temperature, the

induction time and the half-time of crystallization in-

creased with fibers incorporation (30 mass%). An

increase on the half-time of crystallization is related

with a decrease on the crystallization rate. Both

activation energies (for induction time and for the rate

constant) slightly increased when fibres were added.

In the case of nanocomposites, investigation of the

early stages of crystallization is of particular interest,

because of the possible role of clay platelets and tactoids

in crystal nucleation. It has been studied that clay

particulates greatly affects the crystallization behaviour

and morphology of polymer matrix. In several cases,

heterogeneous nucleation was observed [15, 17, 18].

Nanoparticles can either increase or decrease the

global crystallization rate of a semicrystalline polymer:

Fornes et al. [19] have shown that high clay

concentrations reduce the rate of crystallization in the

case of Nylon 6/MMT nanocomposites. Similar effects

have been observed for nanocomposites in other

matrices like PCL systems. Di Maio et al. [18] have

studied the case of PCL (polycaprolactone)/MMT.

They showed that the addition of 0.1% of nanoclay

resulted in a reduction of the crystallization half-time

to less than 1/2 of that of the pure matrix. The highest

crystallization rate was achieved with 0.4% of clay.

At higher nanoclay concentration, the crystallization

rate started to decrease. Furthermore, besides the

influence on nucleation, a retarding effect of the

silicate layers on the crystal growth of polymer

matrices has been found [19–21]. In the

crystallization of extruded PA-6 (polyamide-6)/MMT

nanocomposites, the overall crystallization rate

decreases with increasing silicate layer content at the

highest silicate layer contents, or even over the full

silicate layer content range [19].

Another important effect of clay incorporation is

the change on the crystallinity degree which is strongly

related with final mechanical properties.

Strawhecker et al. [22] have shown for PEO that the

enthalpy of melting (measured by DSC), showed no

strong effect of the silicate loading and/or the crystal-
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lization temperature (Tc) on the final crystallinity but

that the addition of MMT decreased the of the neat

polymer for all cooling rates used, suggesting that the

MMT hinders the PEO crystallization. On the other

hand, the crystal morphology was strongly altered by

the MMT presence, resulting in more, smaller, and

nonisotropic crystallites. Nevertheless, Plutta et al. [23]

have found a decrease on the crystallinity degree in the

case of polylactide (PLA) in PLA-clay nanocomposites.

Non-isothermal crystallization of MaterBi-Z and

its nanocomposites with different clay contents (0, 2.5

and 5 mass%) was previously studied. Clay without

modification was used and the experimental data

showed that clay can be act both as nucleating or re-

tarding agent depending on the clay content. Kinetic

parameters obtained by using a non-linear regression

method, i.e, Kamal’s model and Dietz’s modification,

were able to describe the non-isothermal crystalliza-

tion behavior of the studied materials [24]. The

method for fitting the experimental results is related

with a general model behavior and for understanding

the mechanism of crystallization it is necessary to ob-

tain the Avrami parameters as well as in order to com-

pare the crystallization parameters with other polymer

under isothermal crystallization method.

The aim of this work was to study the mechanism of

crystallization of layered silicate/starch-polycaprolactone

blend nanocomposites by means of the isothermal

crystallization mode. The effect of the clay concen-

tration and clay type by application of theoretical

models will also be analyzed.

Theoretical background

During crystallization, the developed heat yields exo-

thermic peaks in DSC, which represent the plot of rate

of heat evolution; dQ/dt; vs. temperature or time.

When the DSC operates isothermally, the crystallization

heat can be obtained by measuring the area under the

thermogram peak [25]. The relative degree of

crystallinity ��� is obtained from the area of the exo-

thermic peak in DSC isothermal crystallization analy-

sis at a crystallization time (t) divided by the total area

under the exothermic peak.
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where the numerator is the heat (�Ht) generated at

time t and the denominator is the total heat (�H0)

generated up to the complete crystallization.

Polymeric matrices crystallization kinetics under

isothermal conditions can be model by the Avrami

equation in which the rate constant can be usually

expressed by an Arrhenius-type relationship with

temperature [26].

Experimental

Materials

MaterBi-Z (a commercial Starch/Polycaprolactone blend)

kindly supplied by Novamont, Novara, Italy was used

as a matrix. Three different clays were used: one un-

modified and two modified. The organoclays are pre-

pared by modification of natural montmorillonite

clays with different quaternary ammonium salts. These

clays were purchased from Southern Clay Products

Inc., USA, under the commercial name of:

• Cloisite Na
+
(unmodified montmorillonite),

• Cloisite 30B
®
(modified with

concentration: 90 meq/100 g of clay) and

• Cloisite 10A
®
(modified with

concentration: 125 meq/100 g of clay).

Composite preparation

An intensive Brabender type mixer with two

counter-rotating roller rotors was used for the preparation

of the MaterBi-Z/organoclay nanocomposites with

different compositions. The processing temperature

was set at 100ºC. The rotating speed of the rotor and

the mixing time were 150 rpm and 10 minutes. The

concentration of clay ranged from 0.5 to 5 mass%

based on the polymer.

After mixing, the samples were compression

molded between the hot plates of a hydraulic press for

10 min at 100°C. Initially a low pressure was applied

to mold the polymer. The thickness of the samples

was between 0.3–0.5 mm.
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It was demonstrated in a previous paper [27] by

X-ray diffraction (XRD) that the most of the clays

are intercalated within the polymeric chains giving

intercalated nanocomposites.

Methods

A Perkin Elmer 7 DSC (Differential Scanning

Calorimeter) was used for the study. Samples of about

10 mg were accurately weighted. All DSC analyses

were performed under nitrogen atmosphere. A first

run was done from 25 to 100°C at 20°C min
–1
. Then

the samples were melted for 10 min at 100°C, cooled

to the crystallization temperature at 40°C min
–1
, and

maintained at the crystallization temperature 30 min

to allow complete crystallization. The materials were

crystallized in the temperature range of 36–44°C.

Then the materials were heated from the

crystallization temperature to 100ºC at 10°C min
–1
to

melt formed crystals at the crystallization temperature

and to find the melting temperature of each material.

Results and discussion

Figure 1 shows the heating run after isothermal

crystallization at different temperature for the pure

matrix (MaterBi-Z). Melting temperature increased

with the increment in the isothermal crystallization

temperature. This behavior was also exhibited in the

other studied materials i.e. in the nanocomposites and

this occurs because chains mobility increases when

crystallization temperature increases and that allows

the formation of higher crystals and, so that, to a

higher melting temperatures. When the crystallization

temperature is lower, higher number of smaller size

crystals is formed [28].

From �Hm of the nanocomposites it is possible to

determine a relative degree of crystallinity (with respect

to that of the neat matrix). The obtained values are

summarized on Table 1. A decrease on the crystallinity

degree with clay incorporation can be observed. A

similar decreasing trend in crystallization ability of

polylactide (PLA) in PLA-clay nanocomposites was

observed by Pluta et al. [23]. Relatively higher

concentrations of organo-clays hinder the polymer

chain mobility and effective diffusion of chains to the

growing fronts of crystallites is impeded. The limited

crystal growth produces crystallites with reduced

grain size and lowers the degree of crystallinity. The

decrease in crystallinity may further be attributed to

the polymer–clay interactions [29].

The thermodynamic melting point (T
m

0
) can be de-

termined by Hoffman–Weeks method, extrapolating the

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

with the plot Tm=Tc [30]. These plots of DSC data are re-

ported on Fig. 2. For all studied materials, the experi-

mental data displayed a good linear regression for the

use of this equation. T
m

0
values obtained by the previos

method are also summarized on Table 1. Nevertheless

the clay content and clay type their addition to

MaterBi-Z matrix produced a decrease on the theoreti-

cal melting temperature (T
m

0
). This phenomenon could

probably be related to the presence of more heteroge-

neous nucleation that reduce the perfection of

MaterBi-Z crystallite in the nanocomposite. Similar re-

sults were found by Wu et al. in the case of

Poly(ethylene 2,6-naphthalate)/layered silicate

nanocomposites [31].

Nucleation process

The induction time, which is defined as the time needed

for the formation of the equilibrium nucleus with critical
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Table 1 Theoretical melting point and relative degree of crystallinity for MaterBi-Z matrix and nanocomposites

Clay/mass%

MMT (Montmorillonite Na
+
) C30B (Closite 30B) C10A (Closite 10A)

T
m

0
/°C xc rel./% T

m

0
/°C xc rel./% T

m

0
/°C xc rel./%

0.0 71.8 100.0 71.8 100.0 71.8 100.0

0.5 69.0 98.2 64.4 96.7 67.3 100.0

1.0 66.6 99.3 63.1 94.4 63.3 100.0

2.5 67.1 97.4 70.8 94.9 67.8 96.0

5.0 69.5 98.8 68.5 89.0 70.1 98.8

Fig. 1 Dynamic DSC runs for MaterBi-Z after isothermal

crystallization at different temperatures



dimensions at a given T [32], was determined for all

the samples. This parameter may be considered as the

most suitable macroscopic parameter representative of

nucleation process in calorimetric experiments [33]

and can be related with temperature. Some of the

studied relationships are the following:
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where Kti is the preexponential factor, Eti is the activation

energy A and b are constants and (�T = T T
m

0

c
� ).

Figure 3 shows the relationship between the

induction time and the crystallization temperature for

MaterBi-Z and the nanocomposites with different

clay contents. Nevertheless the clay and contents

used, induction time increases when crystallization

temperature increases; this is due to the decrease on

the undercooling which is driving force for

crystallization process. The induction time decreased

with the addition of unmodified or modified clays.

This implies that, due to the high interfacial energy

differences between MaterBi-Z and the clays, less time

is needed for MaterBi-Z spherulites to heterogeneously

nucleate so, they acts as nucleating agent. Krikorian

et al. [34] have observed a similar tendency for PLLA

(poly(L-lactide))/clay nanocomposites.

Kti and Eti values were obtained from Eq. (4) by

plotting lnti vs. 1/(Tm
0
–Tc). The results of this approach

are shown on Table 2. The linear dependence between

lnti and 1/(Tm
0
–Tc) is an indication that there were not

morphological changes during crystallization (for se-

lected crystallization temperatures). Activation en-

ergy became lower when clay was incorporated

(0.5–1 mass%) and then increased. In a similar way, the

pre-exponential factor increased with low clay con-

tents and then decreased. Both factors correspond

with the fact that induction time decreased when clay

were incorporated but then increased.

Growth

The DSC exothermic peak is related with crystal

growth. Figures 4 (a–d) shows crystallization peaks

for MaterBi-Z and 5 mass% clay nanocomposites and

the used crystallization temperatures. Time was scaled

by the induction time of each material and temperature.

As it was expected, the crystallization rate decreased as

the crystallization temperature increased nevertheless

the material. That is due to the lower undercooling

degree, i.e. the lower crystallization driving force. Curves

were transformed in degree of crystallinity vs. time

curves as is shown on Figure 5 for crystallization at

40°C. From this figure it is clear that low clay
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Table 2 Activation energy and pre-exponential factor for MaterBi-Z matrix and nanocomposites

Clay/mass%

MMT C30B C10A

Kti/s Eti/kJ mol
–1

Kti/s Eti/kJ mol
–1

Kti/s Eti/kJ mol
–1

0.0 1.6·10
–2

1.99 1.6·10
–2

1.99 1.6·10
–2

1.99

0.5 1.4·10
–1

1.34 1.3·10
–1

1.31 6.9·10
–2

1.07

1.0 2.2·10
–3

1.34 3.4·10
–2

0.94 3.6·10
–2

0.91

2.5 1.5·10
–3

2.22 3.5·10
–3

2.15 1.3·10
–3

2.57

5.0 4.9·10
–3

2.22 1.6·10
–2

2.04 1.0·10
–2

1.84

Fig. 3 Induction time as a function of crystallization

temperature for MaterBi-Z matrix and nanocomposites

with 5 mass% of clay

Fig. 2 Hoffman–Weeks analysis. Melting point Tm as a

function of the crystallization temperature, Tc for

MaterBi-Z matrix and nanocomposites with 5 mass%

of clay



concentrations (0.5–1 mass%) accelerate the

crystallization process whereas higher clay contents

slow down it.

The parameters of Avrami equation were obtained

by using a typical non-linear Leberverg–Marquard

regression method in the Origin software. Table 3

summarized the obtained values. Crystallization half-time

(defined as the time necessary to reach 50% of the total

polymer crystallization, after the induction period). For a

given kind of material, the crystallization half-time

increases following the increase in the crystallization

temperature indicating a decrease on the overall

crystallization rate which is a common feature

observed for semycristalline polymers.

Overall crystallization rate (consider as 1/t1/2) for

a crystallization temperature of 40°C is shown on

Figure 6. From this figure it is clear that when clay is

incorporated to the neat matrix, the rate of crystallization
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Fig. 4 DSC crystallization exothermic peaks for: a – MaterBi-Z, b – MaterBi-Z 5 mass% MMT, c – MaterBi-Z 5 mass% C30B,

d – MaterBi-Z 5 mass% C10A at crystallization several temperatures

Fig. 5 Relative degree of crystallinity as a function of

crystallization time at 40°C for matrix and

nanocomposites with 0.5, 1, 2.5 and 5 mass% of MMT

Fig. 6 Overall crystallization rate as a function of clay content

for different clays



increases but with the raise on the clay content a

decreasing trend can be observed. Similar results

were obtained for all studied temperatures. As it was

previously showed by Fornes et al. [19] very small

amounts of clay dramatically increase the rate of

crystallization; however, high clay concentrations reduce

the rate of crystallization. The clay particles serve as

additional nucleation sites, however high clay contents

(higher than 2%) clearly retard the growth process. At

low concentration of clay, the distance between disperse

platelets is large, so it is relatively easy for the

additional nucleation sites to incorporate surrounding

polymer. However, at high concentrations of clay,

diffusion of polymer chains to the growing crystallite

is hindered. The combination of a larger number of

nucleation sites and limited crystal growth is expected

to produce crystals of fine grain size. So, at low filler

concentration interfaces acts as heterogeneous nucleating

sites, hence increasing nucleating rate and, therefore,

the crystallization kinetics. At higher filler content,

diffusion of the polymer chains is hindered and the

overall crystallization rate is reduced [24]. Similar

results were found by Di Maio et al. [18].

The Avrami exponent (n) value depends on two

factors: the nucleation mechanism and the geometry

of crystal growth. On the other hand, the constant k

includes nucleation parameters as well as growth-rate

parameters. The average value of the Avrami exponent

was close to 2 for the matrix; this value can be

interpreted as two dimensional crystal growth with a

linear growth rate and the crystal nucleating

athermally [35]. The athermal nucleation implies that

there is no contribution from nucleation rate to the

activation energy [36]. For the nanocomposites, the

Avrami exponent values were higher and closer to 3,

especially in the case of Cloisite 10A. This result

should possible be related with the three-dimensional

growth. In the ideal case, n=3 indicates spherical growth

while n=2 indicates circular disk shape growth.

In order to compare the values of rate constant (k),

an average n value (2.45) was used. Values obtained

at 40°C are resumed on Fig. 7. A clear increasing

tendency on clay content for low clay concentrations

was observed. At higher clay concentrations the trend

is upturned. These results are consistent with the

previous ones.

�T constitutes the driving force of crystallization

and indicates that the substantial meaning of the term

is to account for the decrease in the overall rate when

temperature approaches the thermodynamic melting

point; i.e., k decreases with the increase on the crys-

tallization temperature. By using the Arrhenius equa-

tion the rate constant can be modeled by using both,

linear (by applying logarithm to both sides of Eq. (3))

or non-linear regressions.

Figures 8 a and b show the linear and non-linear

regressions for MaterBi-Z and composites with 1 and

5 mass% of different clays. In Fig. 8a almost linear

relationships were observed for the matrix and
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Table 3 Avrami exponent, n and half crystallization-time t1/2 for MaterBi-Z matrix and nanocomposites

Temperature/°C

36 38 40 42 44

n t1/2(s) n t1/2(s) n t1/2(s) n t1/2(s) n t1/2(s)

Matrix 2.38 23.2 2.04 90.7 2.37 141.7 2.08 484.6 2.13 872.0

MaterBi-Z 0.5 mass% MMT

MaterBi-Z 1.0 mass% MMT

MaterBi-Z 2.5 mass% MMT

MaterBi-Z 5.0 mass% MMT

2.23

2.21

1.80

2.54

23.0

15.2

44.8

46.6

2.18

1.90

2.35

2.06

48.0

26.8

96.9

102.9

2.08

2.05

2.53

2.11

102.0

52.2

190.0

223.8

2.77

2.37

2.89

2.59

209.04

118.2

459.8

552.6

2.15

2.48

2.74

2.44

422.2

250.8

1048.6

1287.7

MaterBi-Z 0.5 mass% C10A

MaterBi-Z 1.0 mass% C10A

MaterBi-Z 2.5 mass% C10A

MaterBi-Z 5.0 mass% C10A

2.21

2.30

2.12

2.41

18.5

13.2

37.3

44.6

2.69

2.77

2.11

2.74

24.0

29.1

85.5

89.5

2.69

3.13

2.52

2.50

58.1

54.8

164.3

241.7

2.66

3.47

2.65

2.71

138.2

119.9

398.5

439.8

2.36

3.24

2.29

3.10

262.9

257.7

1019.8

1169.2

MaterBi-Z 0.5 mass% C30B

MaterBi-Z 1.0 mass% C30B

MaterBi-Z 2.5 mass% C30B

MaterBi-Z 5.0 mass% C30B

2.31

2.05

2.30

2.84

23.0

18.5

39.4

38.1

2.11

1.99

2.53

2.87

62.2

28.1

87.4

106.6

2.16

2.19

2.31

2.24

101.1

59.8

108.7

176.9

2.27

2.23

3.13

2.60

235.9

137.1

238.5

267.7

2.30

2.99

2.92

3.09

572.4

347.5

824.5

975.4

Fig. 7 Rate constant k at 40°C as a function of clay content for

different clays



nanocomposites with different clay contents. From

this plot is possible to obtain pre-exponential factors

and activation energies (Ea) for used materials. The

results of this regression are reported on Table 4a.

Both parameters, the activation energy and the

pre-exponential factor, decreased with clay incorporation

and, so that, the analysis is quite complicated. By using

the non-linear analysis it is possible to fix one of the

parameters and to calculate the other one in order to fit

the experimental data. The results for this

approximation for a constant pre-exponential factor

(1.9·10
9
i.e. the value obtained for the neat matrix) are

displayed on Table 4b. These results are more useful

in order to analyze the effect of clay on the

crystallization process of Mater Bi-Z matrix: the

addition of low quantities of layered silicate into the
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Fig. 8 a – Plot of ln k vs. 1/ (T
m

0
– Tc) and b – k vs. 1/(T

m

0
– Tc) for matrix and nanocomposites with 1 and 5 mass% of different

clays. � – MBZ,� – MBZ 1% MMT, � – MBZ 5% MMT, � – MBZ 1% C10A, � – MBZ 5% C10A, � – MBZ 1%

C3OB, � – MBZ 1% C30B

Fig. 9 Degree of crystallinity as a function of time for : a – MaterBi-Z, b – MaterBi-Z 5 mass% MMT, c – MaterBi-Z 5 mass% C30B

and d – MaterBi-Z 5 mass% C10A. Lines represent model prediction. Tc: � – 35,� – 38,� – 40,� – 42 and� – 44°C



matrix cause more heterogeneous nucleation, which is

expected to obtain a lower E. But the addition of more

layered silicate induced more steric hindrance and

also reduces the transportation ability of polymer chains

during crystallization processes (a higher E), the E

increases as the content of layered silicate increases.

Figure 9 shows � experimental data and � values

obtained with this model for MaterBi-Z and

nanocomposites with 5 mass% of clay. � values cal-

culated with Avrami model were in good agreement

with experimental data. Similar results were obtained

for different clay contents. It is possible to see that a

higher crystallization temperature (lower

undercooling) higher the crystallization time and

lower the crystallization rate.

Conclusions

The isothermal crystallization of MaterBi-Z with

different clay contents was studied. One of the most

important effects of the layered silicate was related

with the lower perfection of the crystallites: the more

heterogeneous nucleation drove to a decrease on the

theoretical melting temperature (T
m

0
).

At low clay concentrations, the influence of

silicate layers, as nucleating agents dominate, while at

higher concentrations, the influence of silicate layers

as growth retardants became more important because

the diffusion of the polymer chains was hindered by

the clay platelets.

Avrami model was able to predict the development

of the crystallinity for all studied materials. Avrami

exponent (n) values suggested that the matrix experienced

a two dimensional crystal growth with a linear growth

rate and the crystals nucleating athermally whereas in

the case of nanocomposites the value was closer to 3,

especially in the case of cloisite 10A indicating a

spherical growth.

The Arrhenius type equation used for rate

constant showed that the addition of layered silicate

(0.5–1 mass%) into the matrix produced more

heterogeneous nucleation whereas higher

concentrations induced more steric hindrance

reducing the transportation ability of polymer chains

during crystallization processes.
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