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INTRODUCTION

Novel polymers and blends are being introduced in
the market with the aim of fulfilling new environ-

mental requirements concerning the effective manage-
ment of post consumer waste (1). In recent years, the
commercial introduction of blends based on starch and
synthetic biodegradable polymers has opened new op-
portunities in this field. Particularly, polycaprolactone/
starch blends (PCL/S) are receiving increasing indus-
trial attention for use as commodity plastics. The PCL/S

materials are attractive because of their biodegradabil-
ity. Also, they allow the possibility of using the same
transformation technologies applied to traditional plas-
tics (2, 3). However, the current price of such materials
limits their use to a few exclusive applications. One eco-
nomically and ecologically attractive approach to over-
coming these limitations is to incorporate natural fibers
into biodegradable polymers. In this way, it is possible
to obtain environmentally friendly composite materials
called biocomposites that are quite similar to the al-
ready known synthetic fiber reinforced plastics (4).

Processing of semicrystalline polymeric composites is
usually performed under non-isothermal conditions.
During fabrication, a polymeric material is exposed to
one or more cycles of heating, melting, cooling and so-
lidification, which ultimately determine the morphology
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and final properties of the product (5). Further, cooling
a thick part too rapidly produces temperature gradi-
ents through the thickness, which may subsequently
lead to crystallinity and morphology gradients.

Many biodegradable polymers, such as polyhydroxy-
alcanoates (PHAs), polycaprolactone (PCL), thermoplas-
tic starch (TPS), and Mater Bi™, have been tested in
order to be used as matrix materials for the fabrication
of biocomposites (1, 4, 6�10). In addition to an expected
improvement in mechanical properties, some studies
have shown that the incorporation of reinforcing nat-
ural short fibers can significantly influence the crys-
tallization rate and crystalline morphologies. In ther-
moplastic matrix composites, short fibers can act as
nucleating agents. In isotatic polypropylene (iPP), the
presence of synthetic or natural fiber produces a dra-
matic decrease of the half-time of crystallization, as well
as an increase in the overall crystallization rate for all
the fibers analyzed, including sisal fiber (11). The same
effect was found for wood fibers on the crystallization of
polyhydroxybutyrate-co-hydroxyvalerate (PHB-co-HV).
The strong effect of the fibers on the crystallization rate
is presumed to be due to the increase of the heteroge-
neous nucleation on the fiber surface (5). On the other
hand, Cyras et al. (9) have analyzed the crystallization
kinetics in isothermal conditions for polycaprolactone/
starch blends (PCL/S) and their reinforced sisal fiber
composites (SF-PCL/S), with 5 to 30 wt% of sisal fiber
content. Induction times (ti ) for the composites were
higher than those obtained for PCL/S neat matrix. How-
ever, half-time crystallization (�1/2 ) values were almost
not affected by the presence of sisal fibers. Thus, sisal
fiber does not act as a nucleating agent for a PCL/S ma-
trix. It is evident that, in order to process biodegrada-
ble matrix composite with tailored final properties, the
crystallization behavior under non-isothermal condi-
tions and in the presence of fibers must be understood.

In our previous work, we modeled the temperature
and relative degree of crystallinity profiles generated
during the non-isothermal cooling step of a PCL/S blend
(12). In the present work, we present the evolution of
temperature and relative degree of crystallinity profiles
developed through the thickness of a part of polycapro-
lactone/starch matrix reinforced with 30% sisal fiber
(SF), as a function of cooling conditions. The composite
is treated as a continuum, i.e., the physical properties
of the fiber and the matrix are mass-averaged. Differ-
ential Scanning Calorimetry (DSC) is used to determine
the experimental degree of crystallinity under non-iso-
thermal conditions. Experimental data are correlated by
using the Kamal and Chu model (13).

EXPERIMENTAL

Materials and Methods

A commercial blend based on polycaprolactone (PCL)
and starch (S) was provided by Novamont (Italy). Starch
and natural additive content are higher than 40 wt%
(3). Sisal fiber (SF), used as the reinforcing material,
was supplied by Brascorda (Brazil). The PCL/S blend was
reinforced with 30 wt% of sisal fiber (30%SF-PCL/S).

The average fiber diameter (D) and length (L) were de-
termined by optical microscopy of fibers extracted with
an organic solvent from the matrix (9). The average
length/diameter ratio (L/D) was 17.3. A twin-screw
extruder (Haake Rheomex CTW 100) was used to dis-
perse the fibers in the polymeric matrix using the same
conditions as those reported elsewhere (9).

The non-isothermal melt crystallization kinetics was
analyzed by calorimetric analysis by using a Mettler 30
Differential Scanning Calorimeter (DSC), operating from
�50°C to �350°C under a nitrogen atmosphere. Sam-
ples at room temperature were heated to 80°C, at a heat-
ing rate of 10°C/min. The samples were kept at 80°C for
10 min, and then were subsequently cooled to �50°C
using different scanning rates (0.083, 0.25 and 0.5 K/s).

The exothermic crystallization peaks obtained for
different cooling conditions can be integrated to com-
pute the relative degree of crystallinity, Xr. Assuming
that the crystallization enthalpy is directly related to
the quantity of crystallized polymer, the relative degree
of crystallinity as a function of the crystallization tem-
perature (T ) was obtained as:

(1)

where �Hc is the differential crystallization enthalpy; 
T is the crystallization temperature and T0 and T� rep-
resent the onset and the end of the crystallization peak,
respectively. Since the experimental crystallization en-
thalpies were slightly affected by the cooling conditions
(18,430, 19,080 and 25,440 J/kg for 0.083, 0.25 and
0.5 K/s, respectively), an average value of �Hc was taken
(Table 1).

Non-Isothermal Kinetic Model

Overall isothermal crystallization of semicrystalline
polymers is mainly described by the Avrami macroki-
netic approach, according to the following equation (14):

Xr (t ) � 1 � exp (�k t �) (2)

Xr �

�
T

T0

a dHc

dT
bdT

�
T�

T0

a dHc

dT
bdT

Table 1.  Physical Constants Used in the Simulation.

Physical Constant Values

Thermal conductivity, kc 0.1348 J/s.m.K
Specific heat, Cp 1301.7 J/K.kg
Density, � 1286.9 kg/m3

Crystallization heat, �Hc 20,671 J/kg
Equilibrium melting temperature, Tm

0 338 K
Initial temperature, T0 353 K
Activation energy 1115 J/mol
non-isothermal crystallization, Ea

Kinetic exponent, n 2.29
Pre-exponential constant, k 0.0386 s�n

Activation energy 2600 J/mol
isothermal induction time, Ei

Pre-exponential constant 1.6 	 10�4 1/s
isothermal induction time, kio



where Xr is the relative degree of crystallinity, t is time
and n and k values are related to the mechanism of
crystallization.

Non-isothermal crystallization processes have been
traditionally represented by integral or differential ex-
pressions derived from the classical Avrami equation
with a temperature dependent kinetic constant (13�16).
Differential expressions are more suitable for modeling
purposes and can be easily related to calorimetric data.
The integral model of Kamal and Chu (13) is expressed
in its differential form by Lin (17) as:

(3)

This model can be reduced to the classical Avrami
expression (Eq 2) for isothermal conditions.

For modeling purposes, the induction time must be
considered. The induction time is associated with the
delay before the onset of massive nucleation (18). Het-
erogeneous nucleation is a thermally activated phe-
nomenon, and its effects can be macroscopically de-
tected by isothermal DSC experiments. The exothermic
signal can be observed only after a delay, namely the
induction time, attributed to the formation of nuclei of
critical size (19). The temperature dependence of the
induction time (ti ) can be described by (14):

(4)

where ki 0 is the pre-exponential factor. The two expo-
nential terms account for the driving force of the nu-
cleation above the glass transition temperature (Tg) and
below the theoretical melting point (Tm

0 ); Ei1 and Ei 2 are
the activation energies for these contributions. For PCL/
starch blends, the Tg corresponds to that of the PCL (Tg
PCL � �60°C). The first term in Eq 4 can be neglected
because cooling temperatures are not lower than room
temperature. So, Eq 4 is simplified as follows:

(5)

The induction time plays a fundamental role in deter-
mining the onset time for the crystal growth, and it is 
a relevant parameter from a processing point of view.
Klein et al. (18) have analyzed the effect of nucleating
agents or fibers on the induction time. Their results show
that the presence of nucleating agents shortens the in-
duction time, because the nucleation does not depend
on the formation of a seed by the polymer, and favors the
crystallization kinetics. Nucleating agents are usually
added to polymers in order to accelerate the overall crys-
tallization process. In polymer composites, nucleation on
a synthetic fiber surface has been reported for nylon 66
(18), poly(etherketone) (20) and polypropylene (11, 21,
22). However, induction time cannot be determined
experimentally in non-isothermal conditions. The non-
isothermal induction time (tni ) is computed by using a
dimensionless parameter Q :

(6)

where ti is the isothermal induction time given by Eq 5.
Numerical integration of Eq 6 is performed taking t* � 0
at the melting temperature (Tm

0 ). The value t*� tni at
which Q reaches the unity represents the non-isother-
mal induction time (19).

The kinetic constant in Eq 3 depends on temperature
as described by the following equation (19):

(7)

where k0 is a pre-exponential factor. The first exponen-
tial accounts for the factors above Tg which induces the
cold crystallization, while the second exponential term
accounts for the driving force of crystallization given by
the degree of undercooling, (Tm

0 � T ). As mentioned be-
fore, the first exponential can be neglected for PCL/S
blends. So, Eq 7 can be written as:

(8)

where Ea is the crystallization activation energy, k0
is the pre-exponential constant, Tm

0 is the theoretical
melting temperature and R is the gas constant.

A non-linear regression method based on Marquardt
algorithm (23) was used to find the best fitting param-
eters to the differential form of Kamal and Chu equation
(Eqs 3�8 ). The theoretical melting temperature (Tm

0 ),
activation energy for the induction (Ei ) and pre-expo-
nential factor for the induction time (k0i ) were taken
from the literature (9) and are summarized in Table 1.

Model Equations

A two-parallel-plate mold was used for the simula-
tion of the solidification process. This geometry allows
for one-dimensional flow (Fig. 1). The one-dimensional
unsteady-state heat transfer rate through the mold
thickness is given by the following energy equation:

(9)

This equation relates the relative degree of crystallinity
(Xr ) and temperature (T ), as a function of time (t ) and
the position in the mold thickness (y ) for given values
of crystallization heat (�Hc ), thermal conductivity (kc ),
density (�) and specific heat (Cp). The first term on the
right-hand side in Eq 9 represents the heat transfer
due to conduction, and the second represents the heat
source associated with the heat generated during crys-
tallization (Eq 3). The thermal conductivity, the density
and the specific heat were assumed to be constant with
temperature. This assumption is valid in the tempera-
ture range used in the present study.

�Cp 
0T
0t

� kc 
02T

0y2 � � 1� �Hc 2 dXr
dt

k � k0 exp c � Ea

R 1T 0
m � T 2 d

k � k0 exp c � Ea2

R 1Tg � T 2 dexp c � Ea1

R 1T 0
m � T 2 d

Q � �
tni

0

dt*
t i

ti � ki 0 exp c Ei

R 1T 0
m � T 2 d

ti � ki 0 exp c Ei 2

R 1Tg � T 2 dexp c Ei1

R 1T 0
m �T 2 d

dXr
dt

� n k 1T 2 11�Xr 2t n�1
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Equation 9 can be written as:

(10)

where 
 � kc/� Cp is the thermal diffusivity.
The dimensionless form of the energy equation (Eq10 )

may be written as:

(11)

where

� � T/T0 � � t
/L2  � y/L � � �Hc/Cp To (12)

The density of 30%SF-PCL/S composites was calcu-
lated as a mixture rule:

� � VPCL �PCL � Vstarch �starch � Vsisal fiber �sisal fiber (13)

where �PCL, �starch and �sisal fiber represent the density of
the PCL, starch and sisal fiber, respectively (24�26),
and VPCL, Vstarch and Vsisal fiber are the volume fraction
content of each component in the composite.

The thermal conductivity was calculated combining
the thermal conductivities of the three components,
using the parallel model and the corresponding volume
fraction of each one:

(14)

where kPCL, kstarch and ksisal fiber are the individual ther-
mal conductivities taken from the literature (24, 27, 28).

The specific heat capacity was calculated as:

Cp � wPCL CpPCL � wstarch Cpstarch � wstarch Cpstarch (15)

where CpPCL, Cpstarch and Cpsisal fiber are the heat ca-
pacities of the individual components (24, 25, 28),
wPCL, wstarch and wsisal fiber are the weight fraction con-
tent of PCL, starch and sisal fiber, respectively. Table 1
shows the parameters used in the dimensionless en-
ergy equation.

The boundary conditions are the following:

• For cooling under a constant cooling rate:

y � 0     dT/dy � 0 (16)

y � L     T � Tw(t ) � To � qt (17)

where q is the cooling rate and To is the initial temper-
ature.

• For cooling under a constant wall temperature (Tw ):

y � 0     dT/dy � 0 (18)

y � L     T � Tw (19)

The initial conditions are:

T � To, Xr � 0 at t � 0 ∀ y (20)

RESULTS AND DISCUSSION

Modeling of the Non-Isothermal
Crystallization Kinetics

The effect of different cooling rates on the non-iso-
thermal melt crystallization of 30%SF-PCL/S has been
studied by DSC. Figure 2 represents the crystallization
thermograms obtained for 30%SF-PCL/S at different
cooling rates (0.083, 0.25 and 0.5 K/s). The exothermic
peak temperature (Tp), relative degree of crystallinity at
Tp, (XrTp) and the half-time (�1/2 ), are summarized in
Table 2. For comparison purposes, the values of the
unfilled matrix PCL/S are also included. The XrTp and
Tp values are very close for both systems. The analysis
of Table 2, suggests that fiber reinforcement slightly in-
creases the overall crystallization rate, given by the
lower half-time values. The relative degree of crystallin-
ity is not significantly affected by fiber reinforcement.
The variations observed in the relative degree of crys-
tallinity can be related to two different experimental fac-
tors: the uncertainty in heat flow measurements and
the inaccuracy in the fiber content of the specimen
analyzed by calorimetry (6).

Integration of the exothermic peaks gives the rela-
tive degree of crystallinity as a function of tempera-
ture (Eq 1). In order to obtain kinetic information, the

1
kc

�
VPCL

kPCL
�

Vstarch

kstarch
�

Vsisal fiber

ksisal fiber

0�

0�
�

02�

02 � � 
dXr
d�

0T
0t

� 
 
02T

0y2 �
1� �Hc 2

Cp
 
dXr
dt
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Fig. 1.  Configuration of the mold used for the simulation of the
solidification process.

Fig. 2.  Crystallization curves obtained at different cooling rates.



experimental relative degree of crystallinity data col-
lected over a wide range of cooling rates, were fitted
with the Kamal and Chu differential model (13, 17). A
nonlinear multivariable regression analysis based on
Marquard method (23) was used. Cyras et al. (9) de-
scribed the 30%SF-PCL/S crystallization process by
applying the integral expression of Nakamura (15),
which extends the general Avrami theory to non-iso-
thermal conditions, using the kinetic parameters de-
rived from the isothermal analysis. It must be taken
into account that in non-isothermal conditions, the ki-
netic parameters do not have the same physical signif-
icance as in isothermal experiments. This is because in
non-isothermal conditions, temperature changes con-
stantly. The multivariable approach used in the present
work directly fits the experimental data to the Kamal
and Chu macrokinetic model. In a nonlinear regression
method, the best N number of parameters are searched
in order to find the global minimum in the sum of the
squares errors (29). Thus, the kinetic parameters are
provided automatically by the program with the best fit.
Figure 3 shows the comparison between experimental
and predicted data. It can be seen that the curves are
horizontally shifted in temperature, as a result of a
rate-dependent induction time preceding the onset of
the crystallization (18). The model represents experi-
mental data in a broad range of Xr values and shows 
a good performance, specially at low cooling rates. The
predicted kinetic parameters were: activation energy 

Ea � 1155 J/mol; the pre-exponential factor k 0 �
0.0386 s�n, and the Avrami exponent n � 2.29. In a
previous work, we determined the kinetic parameters
for the unfilled matrix by using the same analytical pro-
cedure (12). The predicted activation energy was 1954
J/mol and the pre-exponential constant was 0.85058
s�n . By comparison of both Ea values, it is easy to con-
clude that the activation energy for the composite is
lower than that of the unfilled matrix. So, the presence
of sisal fiber seems to increase the overall crystalliza-
tion rate. This is in agreement with the lower crystalli-
zation half-times experimentally obtained for the rein-
forced matrix (Table 2).

The analytical procedure used in this work allows us
to obtain a single set of kinetic parameters for a wide
range of cooling rates. These data can be used in mod-
eling actual processing conditions.

Temperature and Crystallinity Gradients
Generated Under Cooling at Constant
Wall Temperature

The effective cooling is normally achieved by using a
constant cooling temperature or a constant cooling
rate, applied to the mold wall. In ejection molding, the
rate of cooling is the main parameter in determining the
production rate and the final properties of the end
products. The optimal cooling conditions are those that
allow one to obtain uniform temperature across the
thickness of the part in a short molding time (30).

The temperature, crystallization rate and relative de-
gree of crystallinity unsteady-state profiles developed
during cooling under different temperatures applied to
the mold wall for a 30%SF-PCL/starch. They were cal-
culated from temperature and crystallinity variations
with time (Eq 10) with the non-isothermal crystallization
model (Eqs 3�8 ). An implicit finite-difference method
(Crank-Nicholson scheme) was used to solve the energy
equation. The dXr/dt in the heat source term of Eq 10
was evaluated by using an explicit method. The sample
thickness (from 1 to 10 mm) was divided into 10 evenly
spaced nodes between the centerline and the wall 
(Fig. 1). The time step at which the system was solved
was less than 0.002 s. The wall temperatures were 293,
303 and 313 K, which are in the range of the usual
cooling temperatures for most of thermoplastics (30).

In the cooling process, three different steps can be
distinguished:

1) Cooling of the piece from the molten state, before
the beginning of crystallization. In this stage, the

Influence of the Cooling Conditions
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Table 2.  Peak Temperature (Tp), Relative Degree of Crystallinity at Tp (XrTP)
and Crystallization Half-Times (�1/2) for the Melt Crystallization of PCL/S and 30%SF-PCL/S.

Cooling Rate
30%SF-PCL/S PCL/S

(K/s) Tp XrTP �1/2 (min) Tp (K) XrTP �1/2 (min)

0.083 311 0.43 36 310 0.48 39.7
0.25 305 0.34 33 304 0.44 35.0
0.5 299 0.31 27 302 0.33 32.4

Fig. 3.  Comparison between experimental and predicted crys-
tallinity data at different cooling rates. Solid lines correspond
to the model predictions and points are experimental data.



temperature profiles respond to Fourier’s law
under non-steady conditions, which is a function
of the conductivity of the melt, the thickness of
the part and the cooling conditions.

2) Cooling during crystallization. The temperature
profiles generated are the result of two competing
factors: (a) the rate of heat generated by the exo-
thermic crystallization reaction and (b) the con-
ductive heat flux towards the walls. As the crys-
tallization begins, an increment in temperature
occurs in the center of the sample.

3) Cooling a solid. After crystallization, the tempera-
ture profiles are controlled by Fourier’s law. In this
stage, they are a function of the conductivity of
the solid.

The temperature profiles may lead to crystallinity
and morphology gradients that produce undesirable
variations in the mechanical properties of the part.
Therefore, the model was used to predict the effect of
cooling rate and thickness of the part on temperature,
crystallization rate and crystallinity evolution during
the cooling step.

The effect of the cooling temperature (313 K) on the
temperature profiles as a function of time for different
positions along the y-axis, is shown in Fig. 4. The dis-
tance between two consecutive sampling points is 0.2
mm. The slope of each temperature curve in Fig. 4 rep-
resents the local cooling rate as a function of time for
the different nodes within the part. Near the wall, the
cooling rate was relatively faster compared to that at
the center of the part. As the wall temperature in-
creases (Fig. 5 ), the local cooling rate decreases from
the wall to the center, where an increment was ob-
served. This increment is associated with the crystalli-
zation process, during which the heat is released. This
exothermic process produces an increment in the local
crystallization temperatures (or a decrease in the crys-
tallization rates), being more pronounced in the center.

As expected, the higher the cooling temperature, the
lower the crystallization rate.

The same behavior is observed as the thickness of
the part increases, as shown in Fig. 6. The predicted
temperature and crystallization rate profiles for two
specific positions, the wall and the center, generated
under a cooling temperature of 293 K for thicknesses of
2 and 10 mm, are represented in Figs. 7 and 8, respec-
tively. For the 2-mm-thick part, the crystallization at
the wall begins as soon as the cooling process starts.
This is due to the high driving force given by the tem-
perature difference between the polymer melt and the
cooling temperature. No exothermic peak is observed
as a consequence of the boundary condition imposed.
In the core region, the crystallization rate has a maxi-
mum at 24.8 s. The model predicts paired relative de-
gree of crystallinity gradients achieved in about 45 s.
On the other hand, for the 10-mm-thick part, the model
predicts well-defined surface-to-center crystallinity. The
maximum crystallization rate at the wall occurred at 
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Fig. 5.  Effect of the cooling temperature on the temperature
profiles at the center of a 4-mm-thick part.

Fig. 4.  Cooling curves for different positions along the horizon-
tal axis of a 30%SF-PCL/S part of thickness 2 mm, cooled at
313 K.

Fig. 6.  Effect of the sample thickness on the temperature pro-
files generated in a 30%SF-PCL/S part cooled at 293 K: (___)
wall and center (----) of the part.



20 s, whereas at the core region, a period of about 300 s
was needed to complete the crystallization (Fig. 8 ). The
shoulder observed in the crystallization rate curve cor-
responding to the core region is associated with the
increase in the local temperature during cooling. This
increment produces a delay in the crystallization, and
impaired crystallinity profiles are predicted. These re-
sults suggest that the influence of the conduction term
is major, as the thickness or the wall temperature in-
creases. As a result, the higher the cooling temperature
(or the thickness), the lower the crystallization rate. As
expected, by decreasing the cooling temperature with an
appropriate chilling fluid, almost uniform crystallinity
profiles may be reached in a relatively short time, even
for thicknesses of about 10 mm.

Temperature and Crystallinity Gradients
Generated Under Cooling at Constant
Cooling Rate

The model was also used to predict the temperature
and relative degree of crystallinity profiles generated

during the solidification step of a part of 30%SF-PCL/S
under different cooling rates. The cooling rates used in
the simulation were in the range of 0.083 to 0.5 K/s
and were similar to those reported in the literature for
studying the non-isothermal crystallization process of
thermoplastic matrix composites (11, 12, 21, 31).

The effect of the cooling rate on the temperature pro-
file generated within a 4-mm-thick part is shown in 
Fig. 9. As the cooling rate increases, the surface-to-
center temperature gradients are more significant.
These temperature gradients may lead to variations in
crystallinity across the part. In order to reproduce ac-
tual processing conditions, the total cycle time was
determined as the time taken for the first node of the
polymer melt (next to the mold wall), to reach the room
temperature (Tr � 293 K). Predicted temperature and
crystallinity gradients for a 10-mm-thick part cooled at
two extreme cooling rates, 0.5 and 0.083 K/s, are
shown in Figs. 10a and 10b, respectively. For a cooling
rate of 0.083 K/s, the wall reaches room temperature
at about 705 s. The simulation obtained by using the
crystallization kinetics coupled with the energy equa-
tion predicts almost complete crystallization across the
thickness, except for the inner part. On the other hand,
for 0.5 K/s, the wall reaches room temperature in about
120 s, and only the wall and a few layers of polymer
next to it can crystallize, and no crystallization in the
inner part is reached. However, for a 2-mm-thick part,
the model predicts complete crystallization from the wall
to the center, for all practical purposes, under all the
cooling rates analyzed (Fig. 11). So, the surface-to-center
crystallinity gradients become more significant as either
the thickness or the cooling rate increases. Cooling at a
constant cooling rate may be applied only to pieces with
thicknesses lower than 2 mm. In order to manufacture
thick parts in actual processing conditions, the optimal
cycle should be: to cool the sample at a high constant
cooling rate (i.e., 0.5 K/s) up to room temperature, and
then to maintain the part at constant temperature (i.e.,
room temperature) until complete crystallization.

Influence of the Cooling Conditions

POLYMER COMPOSITE, OCTOBER 2004, Vol. 25, No. 5 467

Fig. 7.  Predicted crystallization rate and temperature gradients
for two specific positions, the wall (___) and the center (----), gen-
erated under a cooling temperature of 293 K for a 30%SF-
PCL/S 2-mm-thick part.

Fig. 8.  Predicted crystallization rate and temperature gradients
for two specific positions, the wall (___) and the center (---), gen-
erated under a cooling temperature of 293 K for a 30%SF-
PCL/S 10-mm-thick part.

Fig. 9.  Effect of the different cooling rates on the temperature
variation at the wall (___) and at the center (----) for a 30%SF-
PCL/S 4-mm-thick part.



The effect of fibers on the cooling process was also
analyzed. Figure 12 shows the crystallization rate and
temperature variations for PCL/S (solid lines) and
30%SF-PCL/S (dashed lines) at the wall and in the
inner part of samples of 4 mm, cooled under the same
conditions (0.083 K/s). The effect of the thermal con-
ductivity in the crystallization process is quite relevant.
The PCL/S crystallization is faster even in the core re-
gion because the heat generated by the exothermic
crystallization reaction in the composite is higher than
the conductive heat flux. This exothermic process in-
creases the local temperature, with the subsequent
delay in the crystallization. However, once the crystal-
lization begins, the process at each position (wall and
center) becomes faster for the composite than for the
unfilled matrix, for all the cooling rates and thicknesses
analyzed. This result is expected from of the lower acti-
vation energy value predicted for the composite.

CONCLUSIONS

The numerical simulation developed in this work was
able to predict the temperature, relative degree of crys-
tallinity and crystallization rate profiles developed during
the cooling stage of a sisal fiber-reinforced polycapro-
lactone/starch matrix as a function of the non-iso-
thermal cooling conditions. The continuum numerical
approach used herein has the ability of predicting, in a
single step, the optimal cooling conditions for obtaining
paired relative degree of crystallinity profiles. For cool-
ing at a constant wall temperature, the model predicts
paired crystallinity profiles for a wall temperature of
283 K and thicknesses lower than 10 mm. On the other
hand, cooling at a constant cooling rate may be applied
only to pieces with thicknesses lower than 2 mm. In
order to manufacture thick and gradient-less SF-PCL/S
pieces, the optimal cooling cycle should be: to cool at
higher constant cooling rate up to room temperature,
and then to maintain the part at room temperature up
to complete crystallization.
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Fig. 10.  Temperature (__) and crystallinity gradients (---) gen-
erated in a 10-mm-thick part of 30%SF-PCL/S cooling at two
extreme cooling rates: a) 0.083 K/s; b) 0.5 K/s.

(a)

(b)

Fig. 11.  Temperature and crystallinity gradients generated
within a 2-mm-thick part of 30%SF-PCL/S cooling at three dif-
ferent temperatures (0.5, 0.25 and 0.083 K/min) for two posi-
tions, the wall (___) and the center (---).

Fig. 12.  Comparison of the simulated crystallization rates and
temperature variation of PLC/S (___) and 30%SF-PCL/S (---) as
a function of the time and for two specific positions, the wall
and the center.
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