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ABSTRACT: This work concerns the numerical simulation of the temperature profiles
and the degree of crystallinity through the thickness of a part made from a commercial
biodegradable material based on caprolactone and starch (Mater-Bi Z), as a function of
the cooling conditions from the melt. The crystallization kinetics during cooling condi-
tions was evaluated experimentally by calorimetry and the Kamal-Chu equation was
used to describe the degree of crystallinity developed during constant cooling rate
experiments. This equation coupled with the thermal energy equation, through a heat
source term, described the heat generated during crystallization of the polymer. The
numerical solution of the system of differential equations was obtained using an
implicit finite-difference method. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 82:

3275-3283, 2001
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INTRODUCTION

The behavior of semicrystalline polymers during
nonisothermal crystallization from the molten
state is of increasing technological importance be-
cause these conditions are the closest to real in-
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dustrial processing conditions. In fact, during fab-
rication the polymeric material is subjected to one
or more cycles of heating, melting, cooling, and
solidification of polymer melts that determine the
morphology and final properties of the product.
The degree of crystallinity and morphology devel-
oped in the matrix may be significantly influenced
by the rate at which the part is cooled from the
melt. Cooling a thick part too rapidly produces
temperature gradients through the thickness of
the part, which may subsequently lead to crystal-
linity and morphology gradients. These gradients
may lead to undesirable variations in the me-
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chanical properties of the part.! In recent years,
efforts have been devoted to the engineering anal-
ysis or mathematical simulation of processes such
as extrusion, blow molding, and injection mold-
ing.> Most of these treatments have involved
solving the standard transport equation with ap-
propriate boundary and initial conditions coupled
to the isothermal macrokinetic approach of the
Avrami equation® or its modifications, which ac-
count for nonisothermal conditions such as the
empirical equation of Kamal and Chu,” Naka-
mura,® or Ozawa.?

Mater-Bi Z is a new class of semicrystalline
polymeric material based on polycaprolactone
(PCL) and starch (S).'° Nowadays, this material
is receiving increasing industrial attention for use
as a commodity plastic, not only because of its
biodegradablility and compatibility with various
forms of waste disposal but also because of its
wide range of processing grades.!'™'3 Recently,
Cyras et al.!* reported the study of the isothermal
and nonisothermal crystallization kinetics of ca-
prolactone/starch and caprolactone/starch com-
posite with sisal fiber. However (and to the best of
our knowledge), there is no study reported in the
literature concerning mathematical simulation of
processes such as molding applied to the capro-
lactone/starch blend.

The aim of this work is to develop a model to
describe the degree of crystallinity and tempera-
ture profiles developed through the thickness of a
part of caprolactone/starch blend as a function of
the cooling conditions from the melt. The Kamal—
Chu model will be used to predict the kinetic
parameters for the nonisothermal crystallization.

EXPERIMENTAL

Mater-Bi Z was provided by Novamont (Italy); its
starch and natural additive content was higher
than 40% w/w.'' The nonisothermal crystalliza-
tion kinetic was measured by calorimetric analy-
sis using a differential scanning calorimeter
(DSC) Mettler 30, operating from —50°C to 350°C
under nitrogen atmosphere. The samples were
first heated from room temperature to 80°C, at a
heating rate of 10°C/min. The samples were
maintained at 80°C for 10 min, after which they
were cooled at different cooling rates (0.083,
0.166, 0.33, and 0.5 by K/s). The relative degree of
crystallinity X, was obtained as a function of the
crystallization temperature as

X,=——" (1)

where T, and T, represent the onset and the end
of crystallization temperatures, respectively.

Procedure
Nonisothermal Kinetic Model

Isothermal crystallization of semicrystalline poly-
mers can be represented by the Avrami equation®:

X,.(t) =1 — exp(—kt") (2)

where X, is the relative degree of crystallinity; n
is a mechanism constant, the value of which de-
pends on the type of nucleation and growth-pro-
cess parameters; and £ is a composite rate con-
stant involving both nucleation and growth-rate
parameters.

This model can be applied only to crystal
growth after nucleation. In fact, heterogeneous
and homogeneous nucleation are thermally acti-
vated phenomena and their effects can be macro-
scopically detected by isothermal DSC experi-
ments where the exothermal signal can be ob-
served only after a delay (induction time),
attributed to the formation of nuclei of critical
size.!® The induction time cannot be directly ob-
tained from nonisothermal experiments, al-
though it plays a fundamental role in determin-
ing the onset time for the crystal growth.

The nonisothermal crystallization can be ap-
proached by a differential model with a tempera-
ture-dependent kinetic constant like the empiri-
cal expression of Kamal and Chu”:

r

dt

=nk(T)(1 - X)t" 3

An Arrenhius type of equation was used to repre-
sent the dependence of £ with the temperature:

-E,
k= koexp[}m] (4)
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Figure 1 Mold configuration in the molding process-
ing.

where E, is the crystallization activation energy,
k, is the preexponential constant, 79, is the theo-
retical melting temperature, and R is the gas
constant.

This model can be reduced to the classical
Avrami equation in isothermal conditions.

The initial condition in a nonisothermal simu-
lation is given by the induction time calculated as
the sum of the contributions of isothermal steps
evaluated from the isothermal crystallization ex-
periments performed by DSC. The dependency of
the isothermal induction time on temperature can
be expressed as

E;
l;= kioeXp[R(TO_T)} (5)

where k,, is a preexponential factor and E, is the
activation energy for the nucleation process. The
nonisothermal induction time (¢,;) is then com-
puted by using a dimensionless parameter @:

tni dt*
0

where ¢, is the isothermal induction time given by
eq. (5). Numerical integration of eq. (6) is per-
formed by taking t* = 0 at the melting tempera-
ture (T,,,). The value t* = ¢,; at which @ reaches
unity represents the nonisothermal induction
time.®

A nonlinear regression analysis based on the
method of Marquardt'® was used to find the best-
fitting parameters to eqgs. (3) and (4). The theoret-
ical melting temperature (7°,), activation energy
(E,), and preexponential constant for the induc-
tion (k;,) were taken from the literature.™

Formulation of the Simulation

Figure 1 represents a description of the mold con-
figuration. The one-dimensional non-steady-state
heat transfer through the mold thickness shown

in Figure 1 is given by the following thermal
energy equation:

oT T? dX,
; (7

pcpﬁzkﬁ"'(_m d

This equation relates the relative degree of crys-
tallinity (X,) and temperature (7)) as functions of
time (¢) and the position in the mold thickness (y)
for given values of crystallization heat (AH,),
thermal conductivity (&), density (p), and specific
heat (C,). The last term in eq. (7) is the heat
source term associated with the heat generated
during crystallization .
Equation (7) can be written as

oT o*T  (—AH,) dX,

9t a2t e dr ®)
where o = k/pC,, is the thermal diffusivity.
The boundary conditions are the following:
y=0 dT/dy =0 9
y=L T=T,t) =T,+qt (10)

where ¢ is the cooling rate and T, is the initial
temperature.
The initial conditions are

T=T, X,=0 at t=0 Vy (11

The dimensionless form of the thermal energy
may be written as

90 9%0 dX,
a2t Pan (12)

where

0=TI/T, A=ta/l? £=y/L B=AH/C,T,

(13)

The left-hand side of eq. (9) represents the change
in the temperature with time. The first term on
the right-hand side represents the heat transfer,
attributed to conduction, and the second repre-
sents the heat generated, attributed to the phase
change.

The thermal conductivity, the density, and the
specific heat were assumed to be independent of
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Table I Physical Constants Used in the Simulation

Thermal conductivity,

Specific heat, C,,

Density, p

Crystallization heat, AH,

Equilibrium melting temperature, 79,

Initial temperature, T,

Activation energy nonisothermal crystallization, £,
Kinetic exponent, n

Preexponential constant, %

Activation energy isothermal induction time, E,
Preexponential constant isothermal induction time, %;,

0.07 J/s7Ym YK !
1348.5 JK kg !
1230.8 kg/m?

29530 J/kg
339 K
353 K

1954 J/mol

2.23

0.85058 s "

2361 J/mol
47367 X 104 st

temperature, although this is not really neces-
17
sary.
The density of the caprolactone/starch blend
was calculated as mixture rule:

p= VPCLPPCL + Vstarchpstarch (14)

where ppcy, is the density of the PCL, pgiaren 1S the
density of the starch,'®'? and Vpqp, and Vo, are
the volume content of PCL and starch, respec-
tively.

The thermal conductivity was calculated by
combining the thermal conductivities of both com-
ponents, using the parallel model:

Vstarch

kstarch

1 VeeL

k kpcy

(15)

where kpcp, and kg, are the individual thermal
conductivities taken from the literature.?>?!
The specific heat capacity was calculated as

Cp = wPCLCp PCL + wstarcth starch (16)

where C,, pcy, is the specific heat capacity of the
PCL, C, .iaren 1S the specific heat capacity of the
s‘carch,fg’20 and wper, and Wy, are the weight
content of PCL and starch, respectively. Table I
shows the parameters used in the dimensionless
thermal energy equation.

RESULTS AND DISCUSSION

The crystallization exotherms at various cooling
rates are represented in Figure 2. The exothermic
peak temperature (7)) shifts to lower tempera-
tures as the cooling rate increases. The same be-

havior was observed for the melt crystallization of
poly(hydroxybutyrate)®? and nylon 11.2% The val-
ues of T, and the relative degree of crystallinity at
T, are shown in Table II. Crystallization enthal-
pies were almost not affected by the cooling con-
ditions; thus, a mean value was used, at least for
the simulation (Table I).

Integration of exothermic peaks during noniso-
thermal conditions give the relative degree of
crystallinity as a function of the temperature. To
obtain kinetic information, the experimental rel-
ative crystallization data collected over a wide
range of cooling rates (0.083, 0.166, 0.33, and 0.5
K/s) were fitted to the Kamal-Chu differential
model , using a nonlinear multivariable regres-
sion method.'® The predicted kinetic parameters
obtained with the best fit were: the Avrami expo-
nent n = 2.234; the crystallization activation en-
ergy E, = 1954 J/mol; and the preexponential
factor k, = 0.85058 s 2234, Figure 3 shows the
comparison between experimental data and pre-
dicted curves. The model fits well for X, values
ranging from 0 to 0.80 and shows a good perfor-
mance for low cooling rates. Recently, one ap-
proach used in the literature to describe the
nonisothermal crystallization process of caprolac-
tone/starch blend consists of applying the integral
expression of Nakamura® (which extends the gen-
eral Avrami theory to nonisothermal conditions),
using the kinetic parameters obtained from the
analysis of the isothermal data.'* It must be
taken into account that in nonisothermal crystal-
lization, the values of 2 and n do not have the
same physical significance as in isothermal crys-
tallization because, under nonisothermal condi-
tions, the temperature changes constantly. How-
ever, this approach has the ability of describing
experimental data with a moderate mismatch.
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exothermal heat flow (arbitrary units)—

0.5 Ki's

0.33 K/s

0.166 Ki/s

0.083 K/s

Figure 2 Crystallization exotherms durin
tone/starch blend at different cooling rates.

The analytical procedure used in this work auto-
matically provides a single set of kinetic param-
eters for different cooling rates; thus, these pa-
rameters can be easily used in modeling actual
processing conditions.

The temperature, crystallization rate, and rel-
ative degree of crystallinity profiles developed un-
der different cooling conditions applied to the wall
of a caprolactone/starch blend—molded part were
calculated by solving the thermal energy equation
[eq. (12)] coupled to the nonisothermal crystalli-
zation model [egs. (3)—(6)]. An implicit finite-dif-
ference method (Crank—Nicholson scheme) was
used to solve the thermal energy equation. The
dX,/dt in the heat source term of eq. (12) was
evaluated by using an explicit method. The sam-
ple thickness (from 1 to 10 mm) was divided in 10

Table II Parameters of the Mater-Bi Z™
Nonisothermal Crystallization Process

Cooling Rate T

p
(K/s) (K) X,
0.083 310.5 0.48
0.166 308.4 0.49
0.33 304.2 0.42
0.5 302.8 0.33

T T
300 310 320

T (K)

g nonisothermal crystallization of caprolac-

evenly spaced nodes between the centerline and
the wall. The time step at which the system was
solved was less than 0.0024 s. Cooling rates used
in the simulation were 0.083, 0.166, 0.33, and 0.5
K/s, and were similar to those reported in the
literature for predicting the evolution of temper-
ature and crystallinity during the cooling of a part
of a semicrystalline polymer reinforced with car-
bon fiber.

The temperature curves at evenly spaced
points along the horizontal axis of symmetry of
the simulation domain for a thickness of 4 mm at
a cooling rate of 0.166 K/s are plotted in Figure 4.
During cooling, three steps can be distinguished:

1. Cooling of the piece from the molten state,
before the beginning of crystallization. In
this stage, the temperature profiles re-
spond to Fourier’s law under nonsteady
conditions, which is a function of the con-
ductivity of the melt, the thickness of the
part, and the cooling rate.

During crystallization, the temperature
profiles generated are the result of two
competing factors: (a) the rate of heat gen-
erated by the exothermic crystallization re-
action and (b) the conductive heat flux to-
ward the walls. As the crystallization be-
gins, an increment in temperature occurs.
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Figure 3 Relative degree of crystallization versus temperature during nonisothermal
crystallization. Points are experimental data at 0.083 K/s (O), 0.166 K/s (A), 0.333 K/s
(), and 0.5 K/s (< ). The solid lines are the Kamal-Chu model predictions.

For positions deeper in the sample the during crystallization is higher than the
model predicts an increase in the temper- rate of the conductive heat flux toward the
ature profile because the heat generated walls. This effect is more pronounced as

32{] -
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"N 250  time ()
12 =200

Figure 4 Cooling curves for different positions along the horizontal axis of symmetry
of a piece 2 mm thick and at a cooling rate of 0.166 K/s. The first curve on the left

corresponds to the mold wall and the last curve corresponds to the center of the piece
(L/2).
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Figure 5 Effect of the different cooling rates on temperature profiles at the center of

a piece 4 mm thick.

either the thickness of the part or the cool-
ing rate increases.

3. Cooling a solid after crystallization, which
is controlled by Fourier’s law, but in this
stage is a function of the conductivity of the
solid.

These temperature gradients may lead to crystal-
linity and morphology gradients that may pro-
duce undesirable variations in mechanical prop-
erties of the part. Therefore, the model was used
to predict the effect of the cooling conditions and
part thickness on the temperature, crystallization
rate, and degree of crystallinity profiles generated
during molding.

Figure 5 shows the effect of the cooling rate on
the temperature profile at the center of a piece 4
mm thick. The surface-to-center temperature gra-
dient increases as the cooling rate increases. The
model predicts that the crystallization begins at
lower temperatures in the center as the cooling
rate increases, in agreement with the calorimetric
data. The same effect was found as the thickness
increases, as shown in Figure 6. As a result, the
higher the cooling rate or the thickness, the
higher the temperature gradient at the center of
the piece. These temperature gradients may lead
to variations in the crystallization rate and crys-
tallinity gradients within the part. Figure 7 rep-

resents the predicted crystallization rate and
temperature gradients for two specific positions of
a 4-mm-thick part. In the wall, the maximum
crystallization rate occurred at about 275 s and no
exothermic peak is observed as a consequence of
the boundary condition imposed, whereas in the
core region, temperature shows a maximum and a
period of about 340 s was needed to complete
crystallization. The shoulder observed in the crys-
tallization rate curve, corresponding to the core
region at about 280 s, can be associated with the
increase in temperature during cooling. However,
for a piece 2 mm thick, the model predicts no
variations from the surface to the center, for all
practical purposes, under all the cooling condi-
tions analyzed. Indeed, the surface-to-center tem-
perature gradient at 0.5 K/s was less than 1°C, so
the crystallizations at the wall and in the core
region are almost simultaneous at the maximum
cooling rate analyzed. The surface-to-center crys-
tallinity gradients become more pronounced as
either the thickness or the cooling rate increases.
For cooling rates higher than 0.166 K/s, the model
predicts no crystallization of the inner part (with-
in the time scale considered) for pieces with thick-
nesses greater than 4 mm. Thus, cooling at a
constant cooling rate may be applied only to
pieces with thicknesses of 2 mm or less, thereby
introducing minor crystallinity gradients.
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Temperature (K)

280
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Figure 6 Effect of the part thickness on the temperature profiles at a cooling rate of

0.166°C/s.

To reproduce another processing condition, the
model was then used to predict the evolution of
temperature and crystallinity within a part of
caprolactone/starch blend and under cooling at
different constant temperatures. The wall tem-
peratures evaluated were 293, 303, and 313 K for
thicknesses varying from 1 to 10 mm. Figure 8
shows the cooling curves for different positions

360 . : , .

40.04
340

0.03
320
T® 0.02
3004 | axerdt

0.01
280

0.00
260 —_——

150 200 250 300 350 400

time (s)

Figure 7 Effect of the thickness on the crystallization
rate and temperature variation for two positions, the
wall (—) and the center (- - -), for a thickness of 4 mm
and a cooling rate of 0.166 K/s: 2 mm (—), 4 mm (- - ),
and 10 mm (—).

along the horizontal axis. The distance between
two consecutive sampling points is 0.2 mm. Near
the center the thermal gradient is low; hence, the
rate of heat removal from the solidification front
is small. As a consequence an increment in tem-
perature is observed at a y-value of 1.2 mm, from
27 s to the end of the process. The crystallization
heat produces a decrease in the crystallization
rate, which is more pronounced in center. It is
important to note that the heat generation term
becomes more significant as the thickness and the
wall temperature increase. As a consequence a
surface-to-center delay in crystallization is ob-
served. The model predicts paired crystallinity
gradients for thicknesses less than 2 mm, by cool-
ing at a constant cooling rate or at a constant wall
temperature.

CONCLUSIONS

The numerical simulation of molding a part of
caprolactone/starch blend leads to the prediction
of temperature, relative degree of crystallinity,
and crystallization rate profiles generated under
different cooling conditions applied to the wall:
constant cooling rate and constant temperature.
The model predicts paired crystallinity profiles
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center

Temperature (K)
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Figure 8 Cooling curves for different positions along the horizontal axis of a 4-mm-

thick part cooling at 20°C.

for thicknesses less than 2 mm for both process-
ing conditions. In this case, good mechanical and
physical properties in the part are expected.
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