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Summary

The model proposed by Ziabicki [1] [2] for non-isothermal crystallization kinetics was
adopted in this work, to describe the crystallization kinetics of a commercial iPP under
a very wide range of conditions (i.e. isothermal, slow-cooling rate and high-cooling
rate (up to 200 °C/s) from the melt). A modification of the model was required in
order to achieve a good agreement between model predictions and the whole set of
experimental data.

Introduction

Crystallization kinetics of polymers has been widely investigated by a large amount of
theoretical and experimental works.

Early models (Kolmogoroff, [3]; Avrami, [4]; Evans, [5]) concerned with systems
kept under constant temperature thus ignoring the dependence of crystallization rate
on temperature history. Following papers (Nakamata al, [6]; Ozawa, [7])
accounted for temperature changes during crystallization, under the so called
isokinetic hypothesis, i.e. proportionality between crystal nucleation and growth rate.
Under isokinetic assumption model parameters can be identified by simple isothermal
and slow cooling experiments, easily carried out by means of differential scanning
calorimetry (DSC).

The role of cooling rate in the Nakamura model, its modifications and other model
that neglect athermal effects is mainly that of normalizing the kinetic constant which
is not directly function of cooling rate.

In a recent series of papers, Ziabicki [1] [2] proposed a model of polymer
crystallization kinetics accounting for both transient and athermal effects. Moreover,
researchers of the University of Palermo (Brucetoal, [8]; Piccaroloet al, [9])
developed and adopted an experimental procedure to investigate the crystallization of
polymers under fast cooling.

In this work crystallization kinetics of iPP was investigated, by both a traditional set
of experiments (DSC) and fast cooling measurements. Results of these experiments
are compared with predictions of the model proposed by Ziabicki.

Experimental
The resin adopted for the experiments performed in this work is a commercial iPP
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Isothermal and slow cooling-rate tests (up to 1°C/s) were performed by a DSC
apparatus (Perkin Elmer DSC7). Thin polymer samples held between two copper
plates were quenched by water sprays in the apparatus schematically shown in Figure
1, and temperature history during quenching were measured by a suitable
thermocouple connected to a data acquisition system. Cooling rates up to about
200°C/s were obtained. Density, measured in a density gradient column, and from FT-
IR absorbance spectra, obtained with a MIDAC 2000 spectrometer, was determined
on final products of all cooling experiments (DSC and quenches). Crystallinity index
was calculated from density and FT-IR spectra on the basis of absorbance at some
characteristic peaks (v=841 t¢nfor crystalline phasey=973 cni for amorphous
phase) [10].
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Figure 1. Device for performing quench tests

The Model

The traditional Kolmogoroff-Avrami-Evans equation is the basis for the description of
time-evolutionof crystallinity, i.e. the crystallization kinetics. Denoting the volume
fraction of the crystallized material lxy the functiorP(t) defined by

X 1
2.0 =2D _1_expl [Pl }
X.,
is often adopted as a non-linear description of crystallinity; in addition its time-
derivativeK(t)

K(T)= % P(1) @

is a measure of crystallization rate and is usually identified as crystallization kinetics
constant. The model, first proposed by Ziabicki [1] [2] for crystallization kinetics is
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here simplified as follows:

: ! 3
K(T)=K,(T)(+TZT))

Where K, (T) identifies the values of the crystallization kinetics constant in the limit

of low values of cooling rate and(T) is a function (athermal function) which
accounts for the effect of cooling rate on crystallization kinetics congtént
Assuming the hypothesis of heterogeneous nucleation, the dependence of the material
functionsK, andZ (athermal function) upon temperature, was taken ask[2k{ E,

are material parameter3,’ is equilibrium crystallization temperature amlis the
universal gas constant):

T(r? - E, 72 @
K, =x, (TO)Z exp T exp| — K,

o)

g (5)
T(r® -1 CXP[ RT}

In Ziabicki's theoretical treatment, the athermal coeffic@nt was assumed being a
constant parameter. Experimental results will allow to check this assumption for the
IPP resin used in this work.

Z= -Ca:h

Results and discussion

Results of isothermal calorimetric tests are summarized in Figure 2. Classical Avrami
analysis allows to calculate values of Avrami's index gnd rate-constanKj. Time
evolution of crystallinity during all isothermal tests were sufficiently described taking
n=3, which can be explained by heterogeneous nucleation followed by three-
dimensional crystal growth. Values Kf which under isothermal conditionsKs, are
reported in Figure 3. Results of DSC cooling procedures are reported in Figure 4.
Maximum crystallization rate temperatures, i.e. temperatures corresponding to a
maxima in crystallization rate, calculated in agreement with [11], very close to
maxima in DSC peaks, are reported in Figure 5 versus cooling rates. At last,
crystallinites measured by density and FT-IR, of samples solidified during cooling
experiments (DSC and quenches) are reported in Figure 6.

Once the value oh has been determined as 3, only four parameters are left, namely
K, K, E, and C,. Three optimisation procedures were carried out. Only the
parametersk,, K, and E, were first optimized of isothermal DSC tests only.
Comparison between experimental results and model predictions (identified as
optimization 1) are shown in Figures 3, 5 and 6. In particular, predictions of kinetics
constant as function of temperature and of maximum crystallization rate temperature
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Figure 2. DSC esothermal signal during isothermal tests
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Figure 3. Values of isothermal crystallization rate, K

as a function of cooling rate, reported in Figures. 3 and 5, respectively, leads to a good
description of experimental results. Vice versa, the experimental behaviour of final
crystallinity as a function cooling rate is not reproduced by model predictions,
especially at high cooling rates (Figure 6).



235

80 90 100 110 120 130 140
" 1 A 1 A L " 1 " 1 A
201 - 20
-0.208 °C/s -0.0833 °C/s
X
T 151 -0.0417 °C/s - 15
o
E -0.250 °C/s
=
= 104 - 10
©
c
=
[72]
QO s4 B
Q s 5
(@]
0 L T T 1 0
80 90 100 110 120 130 140
T,°C
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Figure 5. Maximum rate temperature in DSC tests and model predictions

The four parametens, K,, E,, andC_, were then optimized over the whole set of data
(calorimetric and quenches). Corresponding model prediction also reported in Figures
3, 5 and 6 (identified as optimization 2), was again poor, especially the prediction of
final crystallinity of samples solidified at high cooling rates.
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Figure 6. Crystallinity: experimental data and model predictions

Obviously, a much better description of the whole set of data was achievedGgking
function of cooling history, and in particular of the cooling rate measured in the
crystallization temperature interval (which for iPP was found to be 70°C, Piceirolo
al., [12]). The values ofC_, which allowed best fitting of each cooling experiment

ath

(holding constant the values &f, k,, E, predetermined through the isothermal tests)
are shown in Figure 7 as function of cooling rate at 70°C. These results are well

aligned along a straight line suggesting to t@ke proportional to a power of (A,
andB,, are material parameters):

Io, 7| (6)

ath

=B

ath

In the crystallization modeC,, was then taken as a function ®f according to eq.

(6).

The whole set of data was reconsidered takin,, E, B, and A, as free fitting
parameters. The result of the regression, shown in Figures 3, 5 and 6 (identified as
optimization 3), gives a satisfactory description over the whole range of crystallization
conditions, which is very wide. The full set of parameters identified by optimisation 3
is reported in table 1.

X | 0.61 |dimensionless| x; | 2.778 10% 1/s
n 3 dimensionless | K, 5.871 dimensionless
T: 463.15 K Aun 1.7721 s

EJR | 45570 K B | 3.448-107%7 | dimensionless

Table 1. Values of fitting parameters (Optimization 3)
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Conclusions

A set of parameters which, adopted in the model proposed by Ziabicki for
crystallization kinetics, assured a good description of isothermal and slow cooling rate
experimental results did not give a satisfactory description of final crystallinities of
samples solidified under very high cooling rates.

A poor description of the experimental results was attained even after optimization of
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Figure 7. Athermal coefficient C,; vs. characteristic cooling rate

parameters of the Ziabicki model over the whole set of data.

A good description of the data was achieved only taking the athermal cojant,
function of cooling rate. Such a modification of the Ziabicki model may be required in
the simulation of processing operations which involve low and very high cooling
rates.
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