
Introduction

Polymer/layered silicate nanocomposites are a new

type of hybrid materials in which inorganic particles

are dispersed in the nanometer scale on matrix [1–4].

Mechanical and physical properties of the matrix are

really improved by the incorporation of low filler

contents, especially when the aspect ratio of the rein-

forcement is large [5–7]. This kind of nanocomposites

is of great interest due to their potential technological

applications [8, 9]. Nevertheless the dimension of the

reinforcement, the incorporation of filler generally af-

fects the crystallization parameters of the pure matrix:

crystallite size and morphology, crystallinity degree

and crystallization kinetics. Polymer crystallization

behavior in the presence of inorganic materials has

been the topic of extensive studies [10]. However,

different and sometimes contradictory results have

been obtained about the effect of clay on the crystalli-

zation rate of semicrystalline polymers. Some authors

have reported that nanometric particles exhibit a

nucleation effect and other has reported a decrease on

the crystallization rate [11–13].

The final properties of polymeric materials are

related with the morphology generated during pro-

cessing steps. So the knowledge of the parameters

that influence the crystallization behavior is substan-

tial in order to optimize the processing conditions and

the final product properties.

The analysis of the crystallization process can be

done under isothermal or non-isothermal conditions.

Generally, studies of crystallization process are limited

to idealized conditions, in which external conditions

are constant. In such situations, the theoretical analysis

is relatively easy and problems connected to cooling

rates gradients within the specimen are avoided. In real

situations, however, the external conditions change

continuously, that makes the treatment of non-isother-

mal crystallization more complex. However, the study

of crystallization under changing conditions is of

greater interest, since industrial proceed generally un-

der non-isothermal conditions. Moreover, from scien-

tific point of view, the study of crystallization under

dynamic conditions may expand our general under-

standing of crystallization behavior of polymers since

many isothermal methods are often restricted to narrow

temperature ranges. In this context, the non-isothermal

crystallization kinetics presents a great scientific inter-

est particularly applied to nanocomposites, where the

dispersion of nanoparticles plays an important role on

crystallization process [14–17].

The goal of this work was to study the influence

of the clay content on the non-isothermal crystalliza-

tion behavior of MaterBi-Z and to obtain a global ki-

netic model for the analysis and design of real pro-

cessing operations.

Kinetics crystallization models

According to the Avrami method [18–20] which is the

most common approach used to study the crystalliza-

tion behavior of polymeric materials, the relative de-

gree of crystallinity; Xr(t), is related to the crystalliza-

tion time, t, by the following equation:

Xr(t)=1–exp(–ktn) (1)

1388–6150/$20.00 Akadémiai Kiadó, Budapest, Hungary

© 2007 Akadémiai Kiadó, Budapest Springer, Dordrecht, The Netherlands

Journal of Thermal Analysis and Calorimetry, Vol. 88 (2007) 3, 825–832

NON-ISOTHERMAL CRYSTALLIZATION OF MaterBi-Z/CLAY

NANOCOMPOSITES

C. J. Pérez, V. A. Alvarez, P. M. Stefani* and A. Vázquez

Research Institute of Material Science and Technology (INTEMA), National Research Council (CONICET), Engineering
Faculty, Mar del Plata University, Juan B. Justo 4302, 7600 Mar del Plata, Argentina

Non-isothermal crystallization of MaterBi-Z (starch-polycaprolactone blend) and its nanocomposites with different clay contents

(0, 2.5 and 5 mass%) was studied. The experimental data show that clay can be act both as nucleating or retarding agent depend 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 crystallization behavior of the studied materials. A full model that takes into account the induction and

growth of the crystal during cooling under non-isothermal conditions was used to obtain a continuous cooling transformation diagrams.

Keywords: biodegradable polymers, clay nanocomposites, kinetic models, MaterBi-Z, non-isothermal crystallization,
polycaprolactone, starch

* Author for correspondence: pmstefan@fi.mdp.edu.ar



where n is the Avrami exponent, which is a function

of the nucleation process and k is the overall kinetic

constant. In the case of non-isothermal process, some

authors tried to model it assuming it can be taken as a

sequence of infinitesimally small isothermal stages

and based on some modifications to the original

Avrami equation [21–24]. The first modification was

proposed by Ozawa [21] and this model was applied

for several polymeric materials [25–28]. This model

is generally used to study the effect of fillers and rein-

forcements on the crystallization process [29, 30] and

it is useful for fitting non-isothermal crystallization

experiments. Kamal and Chu proposed that non-iso-

thermal crystallization can be approached by using an

empirical integral based on Avrami expression. This

model can be written using either time or temperature

as independent variable [31, 32]:
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where T0 is the onset crystallization temperature, T is

the crystallization temperature, � is the cooling rate,

and t is the crystallization time.

For prediction of the crystallization in the thick-

ness of a real piece of polymer, have been reported in

the literature that the form differential of Kamal and

Chu model is more useful than its integral form

[26, 33–36]
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All the described expression can be reduced to

the traditional Avrami equation in the case of isother-

mal conditions. The described models do not take into

account several effects such as secondary crystalliza-

tion or diffusion that take place at relative high

crystallinity degree. Dietz introduced a modification

to Kamal differential equation in order to consider

these effects [37]. The resultant equation is:

d

d 1

r
r

n –1 r

r

X

t
nk T X t

aX

–X
�

�

�
��

�

�
��( )( – ) exp –1 (5)

where a is an empiric parameter ranging between 0

and 1. If a=0 then Eq. (5) is reduced to Eq. (4); i.e. to

the Kamal and Chu differential expression.

For all studied models, k generally can be ex-

pressed as an Arrhenius type equation [25, 38–41]:
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where k0 is the pre-exponential factor; Ea is the activa-

tion energy, Tm

0 is the theoretical melting point, i.e. the

melting point of the infinitely large crystal, and R is the

gas constant. Due to the crystallization rate is zero atTm

0 ;

the factor1/( – )T Tm

0 can be considered as the thermody-

namic driving force for the crystallization process.

The above equation can be used for the prediction

of the crystal growth after nucleation. On isothermal dif-

ferential scanning calorimetric experiments, a delay on

the signal after crystallization temperature is reached

can be detected; this delay is known as induction time

and can be attributed to the formation of nuclei of criti-

cal size [1]. It is not possible to determine this parameter

directly from non-isothermal experiments. However it

can be extrapolated from isothermal results [42]. Sev-

eral authors [43, 44] proposed that induction time under

non-isothermal conditions can be calculated as the sum

of the contributions of several infinitesimal isothermal

steps. Thus, the extrapolation of the induction time to

the non-isothermal experiments is usually made by us-

ing an adimensional parameter, Q, defined as:

Q
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where tni is the non-isothermal induction time and ti is

the isothermal induction time which is expressed as a

function of the temperature:
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being ki and Ei the pre-exponential factor and the acti-

vation energy for nucleation process, respectively.

Equation (7) is numerically integrated by considering

t*=0 at Tm

0 and t*=tni when Q=1. These parameters as

well as Tm

0 were obtained from isothermal tests [45]

and are listed on Table 1.

The combination of Eqs (7) and (8) (nucleation

process) with Eq. (4) to (6) (crystal growth model) al-

lows the prediction of the polymer crystallinity devel-

opment under real processing conditions.

Experimental

Materials

MaterBi-Z (a commercial starch/PCL blend), kindly sup-

plied by Novamont, Novara, Italy was used as a matrix.

826 J. Therm. Anal. Cal., 88, 2007

PÉREZ et al.

Table 1 Theoretical melting point, pre-exponential factor
and activation energies for neat MBZ and with 2.5
and 5 mass% of clay

Clay/mass% Tm

0/°C Kti/s
–1 Eti/kJ mol–1

0 71.8 1.6�10–2 1.99

2.5 66.6 1.5�10–3 2.22

5 69.5 4.9�10–3 2.22



The clay was a high purity Na montmorillonite (MMT)

and was purchased from Southern Clay Products Inc.,

USA. (Cloisite Na+). The clay was dried before use.

Composite preparation

An intensive Haake Rheomix 600 mixer with two

counter-rotating roller rotors was used for the prepa-

ration of the MaterBi-Z/clay nanocomposites with

different compositions. Clay concentrations were 2.5

and 5 mass%. The processing temperature was set

at 100°C. The speed of the rotation was 150 rpm and

the mixing time was 10 min. After mixing, the sam-

ples were compression molded between the hot plates

of a hydraulic press for 10 min at 100ºC. The thick-

ness of the samples was in the range of 0.3–0.5 mm.

Methods

The non-isothermal crystallization of the studied mate-

rials was measured by means of a differential scanning

calorimeter (DSC) Perkin-Elmer Pyris 1. Experiments

were carried out under nitrogen atmosphere. The sam-

ples were first heated from room temperature to 100°C,

at a heating rate of 20°C min–1. Then, they were main-

tained at 100ºC for at least 10 min in order to permit

the complete melting of the materials, and finally, they

were cooled at different cooling rates (5, 10, 15, 20

and 25ºC min–1). From dynamic crystallization test,

data of crystallization exotherms as a function of T,

dHc/dT, can be obtained for each cooling rate. The rel-

ative degree of crystallinity as a function of tempera-

ture, Xr(T), can be calculated as:
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where T0 and T* represent the onset and final crystal-

lization temperatures, respectively, and Hc is the

crystallization enthalpy.

Wide angle X-ray scattering (WAXS) was con-

ducted at room temperature on a PW 1710 based

diffractometer equipped with CuK� generator

(�=1.54 �). Generator tension is 45 kV and generator

current is 30 mA.

Results and discussion

Effect of the clay content on the crystallization process

The crystallization curves of matrix and nano-

composites, for different cooling rates, are shown on

Fig. 1. From these curves, some useful data can be ob-

tained to describe their non-isothermal crystallization

behaviour, such as the exothermic peak tempera-

ture (Tp) and the onset crystallization tempera-

ture (T0). The experimental T0 values were calculated

from intersection of the extrapolated initial baseline

and the tangent or fitted line through the linear section

of the descending (ascending) peak slope. Neverthe-

less the material, it is evident from these figures that

Tp and T0 shift to lower temperatures when the cool-

ing rate is increased because to the effect of the

cooling rate on the nucleation process [26].

The effect of clay content on the non-isothermal

induction time is summarized in Table 2. The non-iso-

thermal induction time must be analyzed considering

the difference between onset temperature and theoreti-

cal melting point ( – ).T Tm

0

0 For a given cooling rate, the

sample with 2.5 mass% of clay shows lower values of

( – )T Tm

0

0 than that of the neat matrix. On the other

hand, for the samples with 5 mass% of clay only a

slightly change in ( – )T Tm

0

0 was observed. This behav-

ior could be associated to the role that clay plays on nu-

cleation and grow processes and their consequence on

the polymer crystalline structure. By adding layered
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Table 2 Parameters of non-isothermal crystallization of MaterBi-Z/clay

�/°C min–1

MaterBi-Z 2.5% clay 5% clay

Tp

(Tm

0–Tp)/
°C

T0 exp

(Tm

0–T0)/
°C

T0 pred*
(Tm

0–T0)/
°C

Tp

(Tm

0–Tp)/
°C

T0 exp

(Tm

0–T0)/
°C

T0 pred*
(Tm

0–T0)/
°C

Tp

(Tm

0–Tp)/
°C

T0 exp

(Tm

0–T0)/
°C

T0 pred*
(Tm

0–T0)/
°C

5
36.7

(35.1)
39.9

(31.9)
39.4

(32.4)
34.3

(32.3)
38.3

(28.3)
39.4

(27.2)
35.0

(34.5)
39.0

(30.5)
39.3

(30.2)

10
34.9

(36.9)
38.1

(33.7)
37.2

(34.6)
32.9

(33.7)
36.4

(30.2)
37.7

(28.9)
33.3

(36.2)
36.9

(32.6)
37.2

(32.3)

15
33.7

(38.1)
36.7

(35.1)
35.8

(36.0)
31.9

(34.7)
35.9

(30.7)
36.6

(30.0)
32.1

(37.4)
36.0

(33.5)
35.9

(33.6)

20
32.7

(39.1)
35.6

(36.2)
34.6

(37.2)
31,0

(35.6)
35.2

(31.4)
35.8

(30.8)
31.1

(38.4)
34.9

(34.6)
34.8

(34.7)

25
31.9

(39.9)
34.8

(37.0)
33.9

(37.9)
30.2

(36.4)
34.7

(31.9)
35.1

(31.5)
30.2

(39.3)
34.4

(35.1)
34.0

(35.5)

*T0 predetermined from induction time model (Eqs (5) and (6))



silicate into MaterBi-Z matrix, the theoretical melting

temperature ( )Tm

0 decreased (Table 1). This phenome-

non could be probably related to the presence of more

heterogeneous nucleation to reduce the perfection of

MaterBi-Z crystallite in the nanocomposite [45–47].

The overall crystallization rate is proportional to

both, the nucleation and the crystal/spherulite growth

rates. At low clay concentrations, the influence of sili-

cate layers, as nucleating agents dominates, while at

higher concentrations, the influence of silicate layers

as inhibitor of the crystallization rate becomes more

important [48, 49].

Figure 2 shows the X-ray patterns of pure clay,

neat MaterBi-Z and their blends with 2.5 and 5 mass%

of clay in the region of 2,=2–10º. Polymer/clay nano-

composites are formed by the insertion of polymer

chains between clay layers. As the polymer inserts, the

gallery space increases and forcing the clay layers to

separate; thus XRD is a suitable means to evaluate this

process. A strong peak is present at the position of

2,=7.4 for clay MMT, which corresponds to a d-spac-

ing of 12.4 Å according to Bragg equation

(2dsin,=n�). After melt blending with MaterBi-Z, the

position of the (001) peak shifts to a lower angle

of 2,=4.7 (18.4 Å) being weaker the intensity of peak

for 2.5 mass%. In nanocomposites, a shift of this peak

toward small angles would be associated with interca-

lation, while its complete disappearance would be a

sign that exfoliation has occurred [50, 51]. The pres-

ence of an XRD peak for both clay contents indicates

that the clay morphology cannot be fully exfoliated.

However, with such a peak it cannot be excluded that

the morphology contains both intercalated stacks and
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Fig. 1 Non-isothermal crystallization of neat MBZ and with 2.5 and 5 mass% of clay at several cooling rates: a – MBZ,

b – MBZ – 2.5 mass% MMT and c – MBZ – 5 mass% MMT; � – 5ºC min–1, � – 10ºC min–1, � – 15ºC min–1,

� – 20ºC min–1 and � – 25ºC min–1

Fig. 2 XRD patterns for MBZ matrix, MMT clay and nano-

composites; 1 – 5 mass% MMT, 2 – 2.5 mass% MMT,

3 – MMT and 4 – MBZ



exfoliated individual silicate layers. More work must

be carried out for determining the effect of clay on

melting process. As the clay content increases, there

are also more intercalated structures lying in the com-

posite, which are indicated by the higher intensity of

the (001) peak appearing on the XRD pattern.

Kinetic models: crystallization behavior prediction

The numerical integration presented on Eqs (7)

and (8) was used to predict the onset crystallization

temperature (T0) for the used cooling rates and clay

contents. The predicted values are very close to ex-

perimental ones, indicating the effectiveness of the

selected approach.

The non-isothermal crystallization data were fit-

ted by using the differential Kamal model (Eq. (4)). A

non-linear regression analysis based on the Marquardt

method [52] was used to find the best fitting parame-

ters of Eq. (4). The procedure used in this work pro-

vides a single set of kinetic parameters valid for differ-

ent cooling rates; thus, these parameters can be easily

used to model the crystallization under different pro-

cessing condition. The best fitting parameters (k0, Ea

and n) obtained are shown on Table 3. The n values are

around 2 and this result suggests that the nucleated pro-

cess led to a two-dimensional, heterogeneous growth.

Independently of the fitting parameter, the obtained re-

sults show a slight decrease on the kinetic constant,

k1/n(T), for the sample filled with 2.5 mass% of clay, in-

crease newly for 5 mass% of clay.

Figure 3 shows the comparison between the pre-

dicted non-isothermal crystallization curves and the ex-

perimental dates for the neat matrix and composites. As

can be seen from these figures, model predictions are in

good agreement with experimental values at low cool-

ing rates and relative crystallinity degree up to ~0.8.

As the cooling rate increases, the discrepancy

between both (experimental and model data) becomes

higher. At higher rates and relative degree of

crystallinity above 0.8, there exist some problems re-

lated with: a) the heat transference to the sample,

b) diffusion and c) secondary crystallization.
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Fig. 3 Relative degree of crystallinity (Xr) as a function of temperature (T). Experimental data (Eq. (2)) and curves and values

predicted from the Kamal–Chu differential model (Eq. 3.2). a – MaterBi-Z, b – MaterBi-Z – 2.5 mass% MMT and

c – MaterBi-Z – 5 mass% MMT at several cooling rates. Symbols represent experimental values; � – 5ºC min–1,

� – 10ºC min–1, � – 15ºC min–1, � – 20ºC min–1 and � – 25ºC min–1, --- – model prediction

Table 3 Best kinetic parameters obtained with Kamal–Chu
models using a non-linear regression method

Sample
k0/
s–n

Ea/
kJ mol–1 n

k31 C

1/ n

� /
s–1

MaterBi-Z 5.73e3 4.54 1.87 6.70�10–2

2.5 mass% clay 2.36e6 5.65 1.76 5.94�10–2

5 mass% clay 2.30e6 6.04 1.74 6.67�10–2



As we need to model the complete crystallization

curve; i.e. in the range of relative degree of crystalliza-

tion from 0 to 1, the Dietz’s modification was also ap-

plied. A single empirical parameter, a, valid for each

cooling rate was obtained for the matrix and the

nanocomposites by using the kinetic parameters (k0, Ea

and n) obtained previously with Kamal and Chu model.

Figure 4 shows the comparison between experi-

mental data and predicted curves obtained by using

the Dietz’s model. As it can observe, this model was

able to predict the crystallization curves in the com-

plete relative degree of crystallinity range. The values

of a parameter are listed on the Table 4. These values

show an increasing tendency with the heating rate.

By combining the induction time model and

Dietz’s model it is possible to obtain global kinetic

model that will predict the crystallinity development un-

der any cooling conditions, i.e. under real industrial pro-

cessing conditions. That is a very important tool for

semicrystalline polymer processing. The full model is

also useful for the construction of phase diagrams.

These diagrams allow estimating the nucleation and

growth of crystals for a specific cooling condition

[41, 53]. Two kinds of diagrams are commonly used:
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Fig. 4 Relative degree of crystallinity and heat flow (dx/dT) as a function of temperature curves. Experimental data and values

predicted from the Dietz’s modification; a – MaterBi-Z, b – MaterBi-Z – 2.5 mass% MMT and c – MaterBi-Z – 5 mass%

MMT at several cooling rates: � – 5ºC min–1, � – 10ºC min–1, � – 15ºC min–1, � – 20ºC min–1 and � – 25ºC min–1,

--- – model prediction



1) TTT: time–temperature–transformations plots (iso-

thermal processes) and 2) CCT: Continuous–cool-

ing–transformations plots (constant cooling rate) in

which the crystallinity is related with t and T at a con-

stant cooling rate. This approach permits the knowledge

of the entire crystallization process [54, 55]. CCT plots

of studied materials are shown on Fig. 5, where curves

representing the relative degree of crystallinity at the on-

set and 0.5, are plotted as a function of time. Each point

on these curves has been obtained by integration of the

full model (nucleation and growth) at a given cooling

rate. So, when the degree of crystallization curve is in-

tercepted by a constant cooling rate curve, the obtained

point represents the time necessary to reach a specific

degree of crystallization under specific thermal condi-

tions. In the diagram can be observed that the onset of

crystallization and relative crystallinity degree at 0.5 are

reached at lower time for the sample filled with

2.5 mass% of clay. This suggests that for this per-

centage, the clay act as effective nucleating agent dur-

ing the crystallization process. A slightly effect in the

onset crystallization time is observed for the sample

with higher clay content. Lower crystallization rates in

polymer/clay systems are doubtlessly related to the re-

striction in the mobility of polymer chains caused by

dispersed silicate. Thus, it can be said that a small

amount of clay in the composite should act as a nucle-

ating agent and accelerate the crystallization of the

pure matrix, whereas a large amount of it seemed to

hinder the transportation of polymer segments to the

growing matrix spherulite [56].

Conclusions

The non-isothermal crystallization behavior of

MaterBi-Z with different clay contents was studied.

The most important effects of the layered silicate was

related with the lower perfection of the crystallites:

the more heterogeneous nucleation drive to a decrease

on the theoretical melting temperature ( )Tm

0 and with

the fact that some exfoliated and intercalated struc-

tures coexist in the studied nanocomposite.

By coupling the induction time model and Dietz

model it was possible to obtain a full model that rep-

resents the experimental data under any cooling con-

ditions. It was found that each individual value of ac-

tivation energy, Avrami exponent, and pre-exponen-

tial factor did not present any tendency and their must

be considered only as the better fitting parameters.

However, the kinetic constant k1/n(T) as a combina-

tion of such values depends on the clay content. On

the other hand, the obtained n values were close to 2

indicating that the nucleated process led to a two-di-

mensional, heterogeneous growth.

The full model was also used to predict the CCT

diagram. This diagram allows the determination of

the crystallinity degree for different processing condi-

tions which is useful for the design and optimization

processing steps. This diagram showed the nucleating

effect of the clay at low filler content.

The effect of clay on the morphology and crys-

tal microstructure will be subject of future communi-

cations.

Nomenclature

t time of crystallization

k Avrami constant

Xr relative degree of crystallinity

T temperature of crystallization

T0 onset temperature of crystallization

n Avrami exponent

k0 pre-exponential factor of Avrami constant

R universal gas constant

Ea apparent activation energy for crystal growth

Tm

0 infinite-crystal melting point

� cooling rate
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Table 4 Best kinetic parameters obtained with Dietz model
using a non-linear regression method

�/°C min–1
a

MaterBi-Z 2.5 mass% clay 5 mass% clay

5 0.021 0.037 0.012

10 0.047 0.045 0.023

15 0.055 0.066 0.050

20 0.106 0.105 0.077

25 0.156 0.171 0.140

Fig. 5 — – CCT plots for MaterBi-Z;

��� – MaterBi-Z – 2.5 mass% clay and

--- – MaterBi-Z – 5 mass% clay with Xr=0 and 0.5.

Straight lines represent different cooling rates.

1 – 5ºC min–1, 2 – 10ºC min–1, 3 – 15ºC min–1,

4 – 20ºC min–1 and 5 – 25ºC min–1



Q dimensionless parameter ranging from 0 to 1

ti isothermal induction time

Ki pre-exponential factor for the nucleation process

Ei activation energy for the nucleation process

t* parameter; t*=0 at the melting temperature ( )Tm

0 .

t*=tni when Q reaches the unity

tni non-isothermal induction time

Tp exothermic peak temperature

a empiric parameter of Dietz’ model ranging between 0

and 1
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