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ABSTRACT: The aim of this study was to compare differ-
ent models, either originating from literature or originally
proposed in this study, for the interpretation of the melting
behavior of polymers. In particular, these models, tested
with a linear low-density polyethylene widely used in rota-
tional molding, are suitable for coupling with energy bal-
ances in the study of polymer processing. We obtained the
experimental data from differential scanning calorimetry
(DSC) dynamic scans, assuming that the endothermic flux
was related to the rate of melting of the polymer. The
studied models were able to predict the broad melting tem-
perature range typically observed during polymer melting
with either a statistical or a kinetic approach. The two dif-

ferent approaches were compared with experimental DSC
data. The analysis of model performances with complex
thermal programs showed that the statistical approach
could provide a more realistic representation of polymer
melting. These models were particularly suitable in rota-
tional molding, where the lack of any flow and, hence, of
any crystalline orientation leads to a degree of melting de-
termined by the actual temperature of the polymer. © 2003
Wiley Periodicals, Inc. ] Appl Polym Sci 89: 289-295, 2003
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INTRODUCTION

The great importance of the melting of polymers arises
in many industrial problems. The melting process is
usually observed over a broad temperature interval.
This behavior is often attributed to the presence in the
crystalline regions of lamellae of different thicknesses.
In turn, for a given polymer, the lamellar thickness
distribution depends on different factors, such as mo-
lecular weight, regularity of the chains, and especially
crystallization conditions.'"* Furthermore, it is gener-
ally accepted that once the crystallization conditions
are determined, the enthalpy and the temperature
interval of melting do not depend on the particular
conditions of the heating of the polymer.

The well-known Thomson-Gibbs equation states
the dependence of the melting temperature of each
crystallite on its thickness.* The particular behavior of
macromolecular species has been attributed to the
metastability of crystalline regions.”” This is mainly
due to the presence, on every crystal, of amorphous
boundaries, acting as nuclei for melting.8 Thus, when
certain conditions of mobility are achieved for crystal-
line regions, there will be a strong tendency toward
thermodynamic equilibrium, corresponding to the
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dissolution of lamellae.” Therefore, the melting pro-
cess depends mainly on thermodynamic equilibrium
and is not significantly affected by kinetics, as in the
case of crystallization. Further, no superheating is pos-
sible for folded-chain crystals.®

In particular for linear low-density polyethylene
(LLDPE), the broad melting peak during differential
scanning calorimetry (DSC) scans is attributed to the
presence of a broad branching distribution, which
leads to a broad crystal thickness distribution. As a
consequence, the cross-fractionation of chains accord-
ing to the degree of branching leads to a sharp peak."

The particular behavior of a polymer on melting is
of interest when one deals with polymer processing.
In particular in rotational molding, which is a virtually
zero-shear rate process, the degree of melting is deter-
mined at each time of the process, just by the local
temperature. This is true in each process where the
sintering of semicrystalline polymers is involved, such
as in rotational molding. To model this process, it
could be very useful to establish a relationship be-
tween the degree of melting of the polymer and the
temperature. With the assumption that kinetic effects
play a secondary role in the heating rates of interest,
the relationship between the equilibrium melting tem-
peratures of crystallites and their thicknesses can be
exploited.

Different techniques have been used to determine
the lamellar thickness distribution for different grades
of polyethylene. Among these are small angle X-ray
scattering,'''° transmission electron microscopy,
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atomic force microscopy,® and DSC.>'®!” In contrast
with these observations, a few attempts have been
made to model the melting of polymeric materials
with the proposed thermodynamic approach,'® and a
simple discontinuity of the specific heat' or models
based on a kinetic approach are available in the liter-
ature.?*>

In this study, DSC was used to analyze the melting
behavior of rotational-molding-grade LLDPE. The
melting process was modeled with two different sta-
tistical distribution functions, one properly adapted
for the studied LLDPE and a simple kinetic model.
The relevant differences arising from the application
of the kinetic and statistical approaches are high-
lighted.

EXPERIMENTAL

We used rotational-molding-grade LLDPE (Clearflex
RM50, Polimeri Europa, Brindisi, Italy). The resin, in
powder form, was studied as received in a differential
scanning calorimeter (PerkinElmer DSC-7, Shelton,
CT). Samples of about 5 mg were tested. For melting
modeling purposes, DSC heating scans were run be-
tween 20 and 200°C at 10, 20, 30, and 50°C/min.

The output of the instrument was the specific heat
flow versus time. After being corrected through base-
line subtraction, the signal was numerically integrated
through the second-order Runge-Kutta method to de-
termine the partial integrals with respect to time:

H(t) = Jt (”gj - BL)dt (1)

to

where H(t) is the heat absorbed at time ¢ to promote
polymer melting, t, is the initial time of the scan, and
BL is the baseline. dH/dt is the output of DSC instru-
ment. The melting enthalpy can also be obtained as a
function of temperature through a variable exchange:

1 ("(dH
H(T) = 5 T (dt— BL)dT (2)

where T is the starting temperature and @ is the
scanning rate.
The degree of transition (X,,) was defined as

X,(t) = H(t)/Hy
X,(T) = H(T)/Hy (3)

where H is a reference value, which was assumed to
be the total heat absorbed in the melting process. With
these assumptions, X would range in the interval [0,
1].
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For kinetic modeling, the rate of transition was eval-
uated as

dX,(t)/dt = (1/Hyp)[dH(t)/dt) (4)

whereas the distribution of melting temperatures was
evaluated as

dX,(T)/dt = (1/Hy)[dH(T)/dt) (5)

RESULTS AND DISCUSSION
Melting models

We made a comparison between a kinetic approach
and two different statistical approaches. The kinetic
equation adopted was*'

de
dt

= Km(1 - Xlﬂ)nm (6)

where X, is the molten polymer volume fraction, n,, is
the kinetic order, and K,,, is the kinetic constant, which
is given by an Arrhenius-type expression:

Km = KmO eXP(_Emo/RT) (7)

where R is the universal gas constant, T is the temper-
ature, K, is a pre-exponential factor, and E,, is the
activation energy for the crystal melting process.

The statistical approach was based on the assump-
tion that the DSC melting peak (once the baseline was
subtracted) could be regarded as a statistical distribu-
tion of melting temperatures resulting from a distri-
bution of lamellar thickness.'®*'® Therefore, the inte-
gral curve of the DSC melting peak, defined as the
degree of melting (X,,), was regarded as the cumula-
tive distribution curve. The statistical model, pro-
posed by Nichols and Robertson'® and modified by
Chen et al.>* was

de

1
= — p? - (Ty—(1/Inp)—T)
iT (T)=N(1 p)[(lp inp T)p P

1
_ _ _ (Tp—(1/In p)—Ton)
(T,, Inp Ton>rf } (8)

where p is the curve shape factor, N is a scale factor,
T,y is the observed temperature at the onset of melt-
ing, and T, is the peak temperature related to the
maximum melting temperature from T, = T,, + 1/In
p, where T, is the temperature at the end of melting.

The distribution defined in eq. (8) is zero at the
onset of melting but is different from zero at T;,,. With
dX,,/dT(T,,) very close to zero, it can be considered
null.
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Figure 1 Differential and integral DSC melting curves for LLDPE at different heating scans.

By the analytical integration of eq. (8), the cumula-
tive curve of the melting temperatures was obtained.
We determined the integration constant by properly
setting the integration limits. To force the cumulative
curve to 0 and 1 at the beginning and end of melting,
respectively, this expression had to be used, which
became more complex. A simplified expression, which
gives X,(T,,) = 0 and X, (T;,) = 1, is given by

(7
Ty )
+(lnp

()
Ton - Tp - w 1
T py

X,(T) = (In p)

.

pTr(l/ln PTon

1
-«n—mp—nJT—mw“W“m ©)
Because T, and T, could be experimentally deter-
mined, only one parameter needed to be determined,
p. It is important to observe that this function could
not be used for T > T, after this point, dX,,/dT
became negative, reaching very low values and thus
leading the cumulative curve to negative values. The
equation could, therefore, be used only for tempera-
ture values lower than Tj,; for higher values, the dis-
tribution needed to be forced to 0. The same applied
for T < T,

To improve the prediction capability of the statisti-
cal approach, a different function was used. The cu-

mulative curve was represented through a sigmoidal

growth curve,***> known as the Richards function:***

X(T) = {1+ (d - 1) exp[—kmb(T _ Tﬂ)]}l/(l—d)
(10)

When this expression is derived, the melting temper-
ature distribution can be modeled as

axX,,
dr

(T) = kmb{exp[_kmb(T - Tc)]}
X (14 (d — Dexp[—k,(T — TOLYE? (11)

where T, is the temperature corresponding to the peak
of the signal, which is regarded as the most probable
melting temperature; k,,;, is an intensity factor related
to the sharpness of the distribution; and d is the shape
factor. An increase of k,,;, resulted in an increase of the
peak value and in a lower dispersion around the most
probable value. Increasing d resulted in a higher dis-
persion of melting temperatures at lower values than
the most probable one. The effects of k,,;, and d on the

TABLE I
Melting Enthalpies and Peak Temperatures from the
DSC Experiments at Different Heating Rates

B (°C/min)

Melting enthalpy (J/g)  Peak temperature (K)

10 118.5 396.216
20 119.1 397.283
30 115.9 398.254
50 118.5 400.887
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Figure 2 Model prediction of melting DSC endotherms according to egs. (8) and (11).

peak height could be better understood by the calcu-
lation of the maximum value of the distribution oc-
curring at T

ax,,
ar

ax,

— d/(1—d)
aT kmbd

(T) =

max

A prominent advantage of eq. (11) with respect to eq.
(8) in polymer processing modeling is its ability to

provide a differential expression capable of going to
zero outside the melting range.

Comparison with experimental data

In Figure 1, the DSC thermograms obtained at differ-
ent heating scans are shown. According to ref. 8, the
effects of superheating in polymer melting are related
to the presence of extended crystalline chains. In such
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Figure 3 Model prediction of melting integral curves according to eqgs. (9) and (10).



LLDPE MELTING MODELING

293

TABLE II
Parameters for Melting Modeling Obtained from the Nonlinear Regression
of the Experimental Data

Statistical model (8)

Statistical model (11)

Kinetic model (6), (7)

plexp(1/K)] = 0.84038
To(K) = 353
T,(K) = 394.962

K,,(1/K) = 2.24902
d = 22.70037
T.(K) = 394.962

K.,.0(1/s) = exp(37.5)
E,.o/R(K) = 16,300
n, = 0.44

cases, at different heating rates, the melting behavior
of the polymer changes, and kinetic effects are in-
volved. This behavior is due to the increased stability
of the extended chain crystals with respect to folded-
chain crystals.® Another phenomenon that is related to
the scanning rate is annealing of semicrystalline poly-
mers.'® In this case, when the polymer begins to melt,
the increased mobility of amorphous regions is re-
sponsible for the growth of thicker crystals. Two en-
dothermic peaks sometimes associated with an exo-
thermic peak are detected in the DSC scans. As evi-
dent in Figure 1, none of these effects was seen in our
experiments.

The DSC melting peaks obtained at different heat-
ing rates, shown in Figure 1, could not be described
with a symmetric statistical distribution, such as the
Gaussian one proposed by Crist and Mirabella.'” The
experimental data showed a broad dispersion for val-
ues of temperature lower than the most probable one.
The integral curves for the different scanning rates are
also reported in Figure 1.

The shapes of the curves in Figure 1 are essentially
the same, and the temperature shift (peak temperature
in Table I) was attributed to thermal lag effects in the

0.06

DSC oven.**® However, the melting enthalpy did not
depend on the heating rate, as shown in Table I.

Following the procedure proposed by Zhou and
Wilkes, the actual distribution was obtained by the
extrapolation of the experimental melting peaks at
zero heating rate, according to an exponential func-
tion:

InT,= A+ BdT/dt

The curves were then shifted to a new position corre-
sponding to T, = 394.96. No attempt was made to
correct the shape of the distribution because the rela-
tion to the heating rate was complex,” and the curves
were characterized by similar shapes after the extrap-
olation procedure.

The extrapolated curves were simultaneously fitted
according to the two different statistical models of eqs.
(8) and (11). A comparison between experimental data
averaged over the studied heating rates and models
prediction is shown in Figure 2.

In Figure 3, the cumulative curves obtained with
numerical integration are shown. As shown in this
figure, the strongly negative values that the function
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Figure 4 Model prediction of melting DSC endotherms according to egs. (6) and (7).
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Figure 5 Model prediction of melting integral curves from the numerical integration of egs. (6) and (7).

of eq. (8) took for temperatures higher than T}, forced
the integral curve to values without physical meaning.
So the distribution given from eq. (8) needs to be set to
0 above Tj,.

The parameters obtained from nonlinear regression
for the three different models are shown in Table II.

The melting process was also modeled through the
kinetic equation , which together with eq. (7), gives the
rate of conversion as a function of time and tempera-
ture. The numerical integration of the melting rate

gives at any time the degree of melting. In Figures 4
and 5, the differential and the integral curves, respec-
tively, obtained for the kinetic model of melting are
shown. Here, one can see that a kinetic model could
not predict the melting behavior of LLDPE in a wide
range of heating rates.

The two different approaches were compared with a
thermal history given by a heating scan at 10°C/min;
an isothermal step at 120°C, where melting had begun
but was not yet completed; and further heating at
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Figure 6 Comparison of kinetic and statistical model predictions for a heating scan at 10°C/min followed by an isothermal

step at 120°C and further heating at 10°C/min to 150°C.
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10°C/min to complete melting (150°C). The degree of
melting resulting from this temperature program is
shown in Figure 6, compared with model predictions
according to the kinetic model and the proposed sta-
tistical model with the parameters given in Table II.

The experimental data showed that no melting took
place when the sample was kept at 120°C. This was a
further indication that the process was not time de-
pendent and that melting behavior of the sample was
determined just by its temperature; this supports the
statistical approach. In fact, the statistical model fit the
experimental data well, predicting no melting during
the isothermal step at 120°C, which was confirmed by
experimental observation. The kinetic model, also re-
ported in Figure 6, predicted a rate of melting different
from 0 once melting began, even if the temperature
was kept constant, which was in contrast with our
experimental observations. This could be explained by
the fact that once melting has begun and temperature
is kept constant, k,, is constant, and the polymer con-
tinues to melt, according to eq. (6), until the melting
rate goes to zero. However, if eq. (11) is used, at a
constant temperature dX,,/dt = (dX,,/dT)(dT/dt) = 0
because in isothermal conditions, dT/dt = 0. Once the
temperature is raised again, dT/dt > 0, and melting
continues.

CONCLUSIONS

In this study, DSC was used to analyze the melting
behavior of a rotational-molding-grade LLDPE. The
DSC melting peak, regarded as a statistical distribu-
tion of lamellar crystal thicknesses, was modeled with
a distribution function. A properly developed statisti-
cal model was compared with formerly proposed ki-
netic and statistical models. The application of the
statistical and kinetic approaches to a thermal history
more complex than a simple heating ramp led to com-
pletely different results. Experimental data compared
well only with the statistical model, showing the pres-
ence of unmolten crystals when the temperature was
kept constant in the melting range. Only further heat-
ing led to complete melting in both the experimental
DSC data and the statistical model predictions. How-
ever, the kinetic model predicted complete melting
during an isothermal step in the melting temperature
range. This statistical approach can be a valuable tool
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for modeling heat-transfer phenomena occurring in
rotational molding.

The authors thank John Vlachopoulos for his useful discus-
sions.
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