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Abstract

In this work, Differential Scanning Calorimetry (DSC) was used to study the crystallization behavior of nanocomposites
based on polycaprolactone (PCL) reinforced with organo-montmorillonite (C20A) and organo-bentonite (B-THBP)
under non-isothermal conditions. The effect of clay content (0.0, 2.5, 5.0 and 7.5 wt.%) was analysed. Linear and non-
linear regression methods were used to calculate theoretical kinetic parameters. The study was focused on the correlation
between the non-isothermal crystallization process and the morphology of the clay inside the PCL matrix. Continuous
cooling transformation diagrams were obtained by means of a mathematical model that involves both induction and
growth of the crystal during cooling. For the construction of these diagrams, both crystallization steps, crystals induction
(analysed by the induction time equation) and growing (studied by a crystal growth model), were considered. Copyright
© 2018 VBRI Press.
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Introduction

The main industry of polymer processing is related with
packaging whereas the food industry is its principal
customer. The major part of polymer packaging is
based on traditional polymers and represents millions of
tons per year, thus became the design of biodegradable
polymeric products of great importance [1]. It is known
that Polycaprolactone (PCL) is one of these kinds of
polymer. PCL is linear, hydrophobic and partially
crystalline polyester that can be slowly consumed by
micro-organisms [1] and exhibits the additional
advantage that processing techniques such as extrusion,
injection molding and film blow molding can be used to
obtain a final product [1-4]. Nevertheless, it presents
also several drawbacks, being the worst one its low
stiffness which can be overcome by the incorporation of
layered silicates to the polymer matrix [4-7].
Polymer/layered silicate nanocomposites consist on
inorganic nanoparticles dispersed in the polymeric
matrix [8-11]. Great improvements of mechanical,
thermal, barrier and physical properties of the different
polymer matrices have been obtained by the
incorporation of these kinds of fillers at very low
contents (less than 10wt.%), especially when the length
to diameter ratio of the silicates is large [12-14-16].
Crystallization parameters of the neat matrix, such as
crystallite size and morphology, crystallinity degree and
crystallization Kkinetic, are often affected by the
incorporation of fillers [17]. Many studies can be found
in the literature dealing with the effect of inorganic
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fillers or reinforcements on the crystallization behavior
of different polymer matrices [17]. However, dissimilar
or contradictory tendencies were found studying the
crystallization rate of partially crystalline polymers in
the presence of nanoclays [18, 11, 19-23].

The final quality and performance of polymer
products depends on the crystalline morphology
developed during processing; which involves melting
and crystallization during cooling. So that, it is
necessary to recognize the parameters that affects the
crystallization behavior in order to optimize the
processing conditions looking for the required
properties of the final product. Both isothermal and
non-isothermal experiments can be performed to study
the crystallization behavior of polymer matrices. The
crystallization behavior is often studied under idealized
situations at which external conditions are constant in
order to simplify the theoretical analysis. These studies
do not simulate real processing stages which involve a
continuous changing environment. Typical cases are
polymer cooling stages in industrial processing lines.
Increasing the complexity of the theoretical treatment
of the crystallization behavior applied to industrial
processing techniques has been the objective of many
scientific researchers whom have proposed several non-
isothermal crystallization kinetic models applied to neat
matrices to nanocomposites [24-26].

The aim of this work was to experimentally study
the effect of the type and content of clay on the non-
isothermal crystallization behavior of polycaprolactone.
A global kinetic model for the analysis and design of
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real processing operations will be proposed. The
correlation between the clay dispersion degree inside
the polymeric matrix and the non-isothermal behavior
of the studied nanocomposites will be carefully
analyzed.

Theoretical background: Kinetics crystallization
models

The evolution of crystallinity as a function of
temperature can be expressed as the relative degree of
crystallinity, o(T):

a(T)= [((@Hc/aT)dT) / [((6Hc/aT )dT)
T T

where T, and T are the onset and final crystallization
temperatures, respectively; and Hc is the crystallization
enthalpy.

The classical Avrami equation [27-30] has been
applied to the crystallization Kkinetics of polymer
matrices under isothermal conditions and also for
composites and nanocomposites. The general form of
the Avrami equation is expressed as follows:

a(t) =1-exp(-kt") )

where n is the Avrami exponent, which depends on the
nucleation mechanism and the geometry of crystal
growth, and k is the overall kinetic constant, which
includes nucleation parameters as well as growth-rate
parameters.
Some authors have adapted the Avrami model for non-
isothermal processes by discretization to small
isothermal intervals [30-33]. Ozawa [31] was the first
author dealing with this approach and it was applied to
several polymeric materials [34-36]. Avrami modified
model was written as [37-40]:

1-a=exp(- K(T)/g") @3)

where K(T) is a function of cooling rate; ¢ is the
cooling rate and m is the Ozawa exponent depending on
the crystal growth. Applying natural logarithm two
times to both sides of Equation (3) the following
equation is obtained:

In(=IN(L— &)= In(K(T)) —m.In ¢ 4)

K(T) and m can be calculated by the linear
regression of the plot In(—In(1-«)) as a function of

Ing, at a given temperature. Another possibility is the
non-linear regression to obtain these values. This
method deals with the early stages of crystallization
(40% > a(T) >10%), in order to avoid problems

arising from the effects of secondary crystallization
process. Values of (T) at a given temperature for

different cooling rates are required in the Osawa model.
Hence, the range of cooling rates and temperatures that
can be applied is narrow. It can be concluded that
Ozawa’s model assumes constant cooling rate, so it
cannot be applied to predict the evolution of
crystallinity under real processing conditions.
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For all studied models, k generally can be
expressed as an Arrhenius type equation [34, 41-43,

33]:
k =k, exp(E?J ®)
R(Tm™ —T)
where ko is the pre-exponential factor; Ea is the
activation energy, TmP is the theoretical melting point
and R is the gas constant. Due to the fact that
crystallization rate is zero at Tm®; the factor 1/(Tm°-T)
can be considered as the thermodynamic driving force
for the crystallization process.

It must be taken into account that the n and K(T)
parameters in non-isothermal analysis do not have the
same physical meaning as in the isothermal one.
Jeziorny [33] modified the isothermal Avrami’s model
to the non-isothermal one by defining the rate parameter
Zt as a function of cooling rate as follows:

InZc=InzZt/¢ ©6)

where Zc is the corrected kinetic rate constant.

Mo [44] developed a method to describe the non-
isothermal crystallization process taking into account
the physical variables relating to the process: the
relative degree of crystallinity (), the cooling rate (¢),
and the crystallization temperature (T¢). Both equations
can be related as follows:

INZt+nint=InK(T)—-mIng (7

by rearrangement at a given crystallinity, ¢, the equation
is converted into:

Ing=InF(T)—alnt (8)

where F(T)=[K(T).Z]¥™ refers to the cooling rate, and
a = n.m? is the ratio between the Avrami’s to the
Ozawa’s exponent.

It is known that the crystallization temperature
changes as a function of cooling rate. Friedman [45]
proposed the differential iso-conversional method to
evaluate the effective energy barrier for the non-
isothermal crystallization which can be expressed as
follows:

In(der/dt)= A— AE, /RT )

where da/dt is the crystallization rate for a given a, A is
an arbitrary factor and AE, is the effective energy
barrier of the process for a given «.

Thus the relative crystallinity as a function of time,
o(t), is differentiated to obtain the crystallization rate as
a function of time. Then, AE, can be calculated from the
slope of the linear regression of the plot In (do/dt),
measured at various cooling rates, as a function of the
inverse temperature for a given relative crystallinity.

Nucleation activity

Dobreva et al. [46] has proposed a model for
quantifying the nucleation activity (p) of different
substrates during the non-isothermal crystallization of
polymer melts. The nucleation activity tends to zero
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when the substrate is extremely active, while it is close
to one for inert substrates. At temperatures close to
melting, the cooling rate for nucleation from the melt
can be expressed as follows:

In(¢)= A—(B/AT?) (10)
where ¢ is the cooling rate, A is a constant, A7; =Tm—T¢
is undercooling degree, T is the crystallization
temperature, T is the melting temperature and B is a
parameter related to the three dimensional nucleation.
The value of B for the pure polymer and its composites
(B*) can be obtained from Equation (10). Then, ¢ can
be calculated by Eq. (11)

p=B"/B (12)
Experimental
Materials/ chemicals details

Raw materials

Polycaprolactone (PCL) with a number molecular
weight Mn=80000 was purchased from Sigma Aldrich.
The reinforcements used were Cloisite 20A (C20A) and
bentonite supplied by Southern Clay Products and
Minarmco S.A., respectively. C20A was used as
received.  Tributylhexadecylphosphonium  (TBHP)
bromide supplied by Sigma Aldrich was used as
organo-modifier of bentonite.

Material synthesis / reactions

Modification of bentonite with tributil
phosphonium bromide

hexadecyl

A solution of 2.5 g of bentonite dispersed in 100 ml of
deionized water was prepared. Then, an aqueous
solution of TBHP of the corresponding concentration
(0.9 times the cation exchange capability of the
bentonite) was added. The mixture was stirred for 4
hours at 70°C. After that, the suspension was filtered
through a Buchner Funnel and washed with deionized
water until free of bromide. The wet organoclay, named
B-TBHP, was frozen for 24 hours and then lyophilized
at 100 mTorr and —50 °C for 72 hours using a VirTis
2KBTES-55 freeze dryer.

The main properties of the used organo-clays are
shown in Table 1.

Table 1. Properties of organo-clays.

2018, 9(8), 559-566

Clay Organic Abs. water 24h door Weight loss Tp TGA
Modifier at 90% RH (nm) on ignition “C)
(%) (%)

B-TBHP

(SHaCHy 2.73 251 29 388.7
nH.tcN_h—T’—ch‘-. CHs,
[CHCHy

C20A
CH3 3.72 242 41 303.1
HaC-N—HT

HT

Preparation of nanocomposites

PCL was intercalated in 2.5, 5.0 and 7.5 wt.% of each
clay by melt blending in a Brabender type mixer at
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100°C and 150r.p.m. for 10min. Then, sheets with a
thickness in the range of 0.3 to 5.0mm were prepared
by compression molding in a hydraulic press. The
procedure used was 5 min at 100°C without pressure,
5min at 100°C and 50kg/cm?, mold cooling with water
circuits until achieving room temperature maintaining
50kg/cm? and finally mold opening.

Characterizations / device fabrications /response
measurements

Differential Scanning Calorimetry

Modulated differential scanning calorimetry was used
to study the bulk-crystallization process of the
materials. The equipment used was a MDSC Q2000
RCS90 TA |Instruments. Tests were done under
nitrogen atmosphere. The following temperature
program was applied to 10.0 £ 0.1 mg of each sample:

1. Heating from 0 °C to 100 °C at 10 °C/min.

2. Melting at 100 °C for 10 minutes.

3. Cooling to initial temperature at several rates

(from 5 to 40 °C/min).

Results and discussion

Effect of clay content and clay type on the
crystallization process of PCL

Fig. 1 shows the MDSC curves of PCL and their
nanocomposites with 5 wt.% of each clay, for different
cooling rates.
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Fig. 1. Cold crystallization curves at several cooling rates for:
a) PCL; b) PCL + 5 wt.% C20A and c) PCL + 5 wt.% B-TBHP.

Similar curves were obtained for all studied
systems. The exothermic peak temperature (Tp) and the
onset crystallization temperature (T,) were obtained
from these curves. All parameters are reported in Table
2.

Tpand T, shift to lower temperatures as a function
of the cooling rate as a consequence of its effect on the
nucleation process. Increasing cooling rate means
shorter time periods for the same temperature range.
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Therefore, higher undercooling degree is required to
initiate crystallization [30]. It is clear from the previous
table that whereas C20A produce a decrease on the
crystallization temperature, especially at low contents,
B-TBHP makes that crystallization to start at higher
temperatures. This last effect can be attributed to
particles of B-THBP having a heterogeneous nucleation
effect on PCL macromolecule segments. In the molten
state, PCL macromolecule segments can be easily
physically attached to the surface of the B-TBHP
particle, which leads to the crystallization of PCL
molecules at higher crystallization temperature [47].

The obtained results could be also be related with
the clay dispersion degree inside the polymeric matrix,
which was previously studied by X-ray diffraction [48].
The initial basal spacing or interlayer distance (doo:) of
each neat clays are reported in Table 1. Studying the
nanocomposites, basal spacing of the clay was larger
for PCL/C20A than PCL/B-TBHP nanocomposites at
the same clay content. This result confirms the
improved intercalation of PCL chains inside the C20A
platelets [49]. Analyzing the effect of clay content, a
decrease on the dgo1 for 5 wt.% as compared with
2.5 wt.% for C20A was also found. This effect could be
associated with the partial agglomeration of clay
platelets at higher clay contents [50]. Then a slight
increase of the interlaminar space for nanocomposites
with 7.5 wt.% of C20A was also observed. The B-
TBHP nanocomposites showed the same tendency [50].

The effect of clay type and content on the non-
isothermal induction and half-crystallization times, at
different cooling rates, is shown in Table 2.

Table 2. Relevant parameters of crystallization process of PCL/clay
nanocomposites.

T,: Temperature of the peak (°C)
Cooling rate (°C/min; PCL 2.5C20A 5C20A 7.5C20A | 25TBHP STBHP 7.5TBHP
10 326 288 336 317 36.3 348 36.2
20 30.3 251 30.7 285 337 320 334
30 287 225 286 257 319 303 317
To: Temperature of the initial crystallization (°C)
Cooling rate (°C/min PCL 2.5C20A 5C20A 7.5C20A | 25TBHP STBHP 7.5TBHP
36.0 344 372 39.1 39.2 39.0 400
20 339 314 343 36.5 36.8 355 36.0
30 336 295 328 335 357 327 344
Induction time
Cooling rate (°C/min) PCL 2.5C20A 5C20A 7.5C20A | 25TBHP 5TBHP 7.5TBHP
10 0.18 0.22 0.175 0.50 022 0.19 0.08
20 0.10 011 01 0.28 0.1 0.08 0.07
30 0.08 0.08 0.08 0.05 0.08 0.02 0.04
Half-crystallization time
Cooling rate (°C/min; PCL 2.5C20A 5C20A 7.5C20A | 25TBHP STBHP 7.5TBHP
10 0.40 0.65 0.50 0.84 0.46 049 0.32
20 0.25 0.40 0.30 0.49 0.28 0.25 0.25
30 0.23 0.30 0.23 031 023 0.15 0.19
Parameters of the modelling of induction time
Parameter PCL 2.5C20A 5C20A 7.5C20A | 25TBHP S5TBHP 7.5TBHP
In Ktind -10.222 -8.224 -1.356 -14.773 -9.071 -17.371 -7.19
Etind/R (K) 265.39 234.35 168.92 457.28 206.78 459.55 129.77
tind (AT=35°C) 0.07 022 0.08 0.18 0.04 0.014 0.03
Parameters of Avrami’s models for matrix and nanocomposites
10°C/min 20 °C/min
n InZ, Z, n InZ, Z,
PCL 199 136 117 1.99 230 122
PCL + 5wt.% C20A 291 177 114 260 289 118
PCL + 5wt.% B-TBHP 342 216 113 261 3.36 115
Parameters of Ozawa’s model for matrix and ites obtained at several temperatures
Temperature (°C) PCL PCL + 5wt.% C20A | PCL + 5wt.% B-TBHP
m Ink m Ink m Ink
32 2.60 5.48 3.10 6.72 251 717
30 247 6.08 270 5.07 184 6.61
28 151 4.30 181 3.46 1.05 4.86
26 122 3.86 126 333 0.94 3.94
24 0.88 322 0.88 259 058 329
Parameters of Mo’s model for matrix and nanocomposites obtained at several temperatures
Relative crystallinity PCL + 5wt.% C20A | PCL + 5wt.% B-TBHP
a InF(T) a In F(T) a In F(T)
02 212 -0.74 130 0.79 0.76 150
04 181 0.38 140 110 0.90 157
0.6 185 0.88 140 147 1.06 166
08 1.80 151 142 1.98 122 194
Nucleation activity obtained by Dobreva’s method
[ PCL | 25C20A | 5C20A | 7.5C20A | 25TBHP | 5TBHP | 7.5TBHP
Nucleationactivity(9) | 1 | 109 | 137 | 130 | 163 | 141 | 163
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The determination of non-isothermal induction
time must be analyzed considering the difference
between onset temperature and theoretical melting point
(To -TmO) but in this case it was previously
demonstrated [48] that the thermodynamic melting
point was practically unchanged by the incorporation of
both clays (Tm0 = 63.8 + 0.6 °C). For all clay
concentrations used in the present work, the influence
of B-TBHP platelets as nucleating agent dominates
with respect to the retardant one [43-44].

The effect of nanoclay content on induction time
(tind, defined as the time needed for the formation of
the equilibrium nucleus with critical dimensions at a
given T [54]) and half-crystallization time (t¥2) was also
analyzed. Jiménez et al. [51] studied the crystallization
process of  PCL/organically — modified clay
nanocomposites. Clay acted as nucleation agent when
low contents of it were added to the matrix. Otherwise,
increasing clay content hinders the transportation of
polymer segments retarding the crystallization process
in comparison with the neat matrix [51]. The same
trend was observed for polyethylene-oxide/MMT [52]
and Nylon6/MMT [53] nanocomposites. In our case,
the analysis became harder due to the differences in the
crystallization temperature that drive to different
driving forces. The induction time was calculated for all
materials. The tind is considered the most
representative macroscopic parameter of the nucleation
process in  differential  scanning  calorimetry
experiments [55]. Some studies have proposed the
following relationship of tind with temperature:

Eqne (12)

ting = Kund-em[mj
where Kiing is the preexponential factor, Eing is the
activation energy, R is universal gas constant and AT is

undercooling degree (defined as Tn? -T,).

The parameters Kiing and Eiing Were calculated from
the linear regression of the plots In ting as a function
of AT, The results are summarized in Table 2. The
linear dependence between In ting and AT implies that
there were not changes in the morphology of the nuclei
during crystallization. From the obtained parameters it
is possible to determine the induction time for a given
undercooling degree. Table 2 also includes the values
calculated for AT = 35°C. From this table, by
analyzing the effect of clay content, it can be observed
that nanocomposites with C20A produce a clear
increase in the induction time which could be related
with the higher dispersion degree reached in this kind
of nanocomposites. On the other hand, the B-TBHP
nanocomposites showed the opposite trend, i.e. tind
decreased for nanocomposites which can be related
with the fact that clay agglomerates could be acting as
heterogeneous nucleation points. Similar trends were
observed for the half crystallization times (from which
the overall crystallization time can be estimated). The
half crystallization time is shorter as a function of
undercooling degree and became longer as a function of
clay dispersion degree. Krikorian et al. [56] have
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proposed the hypothesis that when the clay dispersion
degree is higher, the clay layers may hinder the chain-
folding mechanism for local poly(L-lactic acid)
crystallization. So, both theories (clays acting as
nucleation agents decreasing both tind and t%2 and clays
hindering the chains folding mechanism increasing both
tind and t%2) could be competing to give the observed
result regarding the effect of clay compatibility and clay
content on the crystallization behavior of PCL matrix.

Fig. 2 show the relative degree of crystallinity as a
function of temperature, at 10 °C/min, for matrix and
nanocomposites.
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Fig. 2. Relative degree of crystallinity as a function of temperature at
10 °C/min, for: a) PCL matrix and nanocomposites with 5 wt.% of
C20A and B-TBHP and b) PCL + 2.5; 5.0 and 7.5 wt.% of B-TBHP
nanocomposites.

From Fig. 2 a, it is clear that the incorporation of
5 wt% of organo-modified bentonite (B-TBHP)
displayed an accelerating effect (crystallization from
the melt started at higher temperatures) on the
crystallization process of PCL whereas the effect of
C20A not meaningful, which could be attributed to the
dissimilar compatibility of each clay with the PCL
matrix. On the other hand, Fig. 2 b shows that the
crystallization behavior of nanocomposites is not
significantly modified changing the clay content.
Similar tendencies were observed in the case of C20A.

Kinetic models: Crystallization process prediction

Fig. 3 show the relative degree of crystallinity as a
function of time, for matrix and nanocomposites.
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Independently of the used model, the accuracy of
the modeled data is worst as a function of the cooling
rate. This result can be attributed to heat transference
to the sample, diffusion and secondary crystallization,
which are phenomena that usually take place at high
cooling rates and relative degree of crystallinity higher
than 0.8 [57].

The theoretical parameters calculated from the
application of Avrami’s model to the studied systems
are summarized in Table 2. The extension of Jeziorny
was also applied and Zc is also included in that table. It
must be noted that the parameters Zt and n do not have
the same physical meaning in isothermal and non-
isothermal crystallization because the continuous
changing temperature in the latter. This phenomenon
affects both nucleation and growth processes. In this
case, Zt and n are two adjustable parameters which are
used to fit the experimental results.

The exponent n in non-isothermal crystallization
showed a wide range of values. Even so, n for PCL/clay
was larger than that for PCL matrix at all studied
cooling rates. This result confirms that non-isothermal
crystallization of PCL/clay is developed with
tridimensional growth and heterogeneous nucleation.
For all materials (matrix and nanocomposites), the
value of Z. slightly decreased as a function of cooling
rate. It is also important to note that these models
(Avrami and Jeziorny) were not able to reproduce the
crystallization curves for the complete range of relative
crystallinity degrees by means of one set of parameters
(nand Z).

It can be seen that the curves in the plots of
In (-In(1-@)) vs. Ing for PCL and PCL/organo-clays
nanocomposites (Fig. 4) did not exhibit an excellent
linear relationship.
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Fig. 4. Plots of In(=In(l— &)) vs Ing (Ozawa’s model) obtained at

different constant temperatures for: a) PCL b) nanocomposites with
5 wt.% of C20A and c¢) nanocomposites with 5 wt.% of B-TBHP.

It can be attributed to the fact that the
crystallization processes at a given temperature and
different cooling rates take place at different stages, i.e.,
crystallization at lower cooling rate is toward the end of
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the process, whereas crystallization process at higher
cooling rate stays at an earlier stage. Nevertheless, it
was possible to determine global parameters of
Ozawa’s model at different temperatures and the results
are also summarized on Table 2. It can be seen from
this table that the Ozawa exponent m increases as a
function of temperature for all materials. On the other
hand, the Ozawa rate constant k(T) decreases as a
function of temperature, which means that the material
crystallizes slower at higher temperature (lower driving
force for the crystallization process) [58]. The
nanocomposites with the organobentonite (B-TBHP)
showed higher K(T) values than the neat PCL, at any
given crystallization temperature, which is in
accordance with all previous results. The opposite
behavior was shown for nanocomposites with C20A
which can be attributed to the clay dispersion degree
inside the PCL matrix.

Fig. 5 show the application of Mo’s model at
different  crystallinity degrees for matrix and
nanocomposites. The parameters obtained from the
linear regression of In¢ vs. Int are displayed in Table 2.
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Fig. 5. Plots of Ing vs. In time (Mo’s model) obtained at different
constant relative crystallinity degrees (0.2, 0.4, 0.6 and 0.8) for: a)
PCL b) nanocomposites with 5 wt.% of C20A and c) nanocomposites
with 5 wt.% of B-TBHP.

The value of a for PCL matrix was near to 1.8, and
decreased for PCL/clay nanocomposites. On the other
hand, F(T) increased as a function of the relative degree
of crystallinity. For a given relative degree of
crystallinity, F(T) for PCL/BTBHP is higher than that
for PCL matrix, which indicates that PCL/BTBHP
crystallizes at a faster rate than PCL. The obtained
results can also be associated with the clay dispersion
degree inside the PCL matrix.

The values of the nucleation activity are shown in
Table 2. The behavior observed for the nucleation
activity is in accordance with the tendencies obtained
from the model’s parameters used to fit the
experimental non-isothermal crystallization process of
the nanocomposites.
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The nucleation and growth of crystals for a specific
cooling condition can be estimated from the phase
diagrams [41, 59]. The most common used diagrams
are the time-temperature transformations plots (TTT,
isothermal processes) and the continuous-cooling
transformations plots (CCT, constant cooling rate) in
which the crystallinity is related with t and T at a
constant cooling rate. These methods are useful to
improve the knowledge about the entire crystallization
behavior [59-61]. CCT plots of all samples are shown
on Fig. 6 where curves representing different relative
degree of crystallization are plotted as a function of
time. The points of these plots have been calculated by
integration of the full model (nucleation and growth) at
a given cooling rate. When a certain curve of relative
degree of crystallization is intercepted by a constant
cooling rate curve, the resulting point corresponds to
the time needed to reach a specific degree of
crystallization under those thermal conditions.

40 404
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Fig. 6. CCT diagram for: a) PCL matrix and b) PCL matrix and
nanocomposites with 5 wt.% of each clay (C20A and B-TBHP).

It can be seen from Fig. 6 that for B-TBHP
nanocomposites lower times are required to reach the
onset of crystallization and relative crystallinity degree
of 0.5. This result is in accordance with the previous
analysis confirming that this clay acts as effective
nucleating agent. In the case of the C20A
nanocomposites, a slight effect on the onset
crystallization time was observed.

Conclusion

The non-isothermal crystallization behavior of
polycaprolactone with different organo-modified clay
contents was studied. The most important effects of the
layered silicate were related with the retardant effect of
both clays on the crystallization process of PCL matrix.
The full model was also used to prepare the CCT
diagram of crystallization. This diagram is useful for
the calculation of the crystallinity degree at different
processing conditions which is an important tool for
process design and optimization. This diagram allows
showing adequately the retardant effect of different
clays and contents in the sample.
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