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Acomparative study has been made on the isothermal crystallization kinetics and
melting behaviour of a metallocene linear low density polyethylene (m-LLDPE)
and a metallocene very low density polyethylene (m-VLDPE). The end-surface

free energy of the crystal and the lamella thickness distribution were determined for
m-LLDPE and m-VLDPE by using the isothermal crystallization rate constants. The
degree of short chain branching of both polyethylenes was then calculated and found
to be in agreement with the data obtained previously using other methods. Moreover,
no distinction could be made between primary and secondary nucleations of the both
polymers using the equation proposed by Turnbull and Fisher. Crystallization at a tem-
perature for different time periods has also showed the existence of molecular segre-
gation for both polymers.

INTRODUCTION

Ziegler-Natta (Z-N) catalysts have
been used to manufacture poly-
olefins for over five decades. Due
to their heterogeneous nature, these
catalysts contain a variety of cat-
alytic sites of different activities for
the polymerization such that they
produce molecular species of dif-
ferent chain lengths. Therefore,
they produce polymers with wide

molecular weight distributions. In
addition, the production of ethyl-
ene/ -olefin copolymers by Z-N
catalysts to form linear low density
polyethylene (LLDPE) is not easily
achieved because of the greater reac-
tivity of ethylene over the -olefins
in the addition polymerization. A
high excess concentration of the -
olefin is required to produce 3-4%
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of -olefin units in the copolymer [1-6].
Metallocene polymerization catalysts were first

introduced by Sinn and Kaminsky using Zr, Ti, and Hf
transition metals complexes with cyclopentadienyl lig-
ands. These homogeneous single site catalysts opened
up a new area in production of polymers of unprecedent-
ed molecular structure. The catalysts exhibit only one
polymerization site producing a single molecular
species. Metallocene catalysts generate polymers with
narrower molecular weight distribution and copolymers
with better control on comonomer sequence distribution
and therefore, on degree of branching and crystallinity.
The molecular weight polydispersity of the polymers
produced was close to 2 compared with 3-15 for poly-
dispersities of polyolefins which were synthesized by
conventional Z-N catalysts [7-12].

Metallocene catalysts generally have a transition
metal usually from group 4b, sandwiched between two
cyclopentadienyl (Cp) ring structures. The essential
point is the angle between the two Cp rings in the met-
allocene complex. While the small angle reduces the
reactivity of catalyst towards -olefins, the large angle
increases its reactivity. However, metallocene catalysts
require a co-catalyst such as methylaluminoxane
(MAO) to increase their catalytic activity. The result of
careful addition of water to aluminium trimethyl pro-
duces MAO, which in solution can be considered as a
dynamic mixture of linear and cyclic oligomers. Other
two and three dimensional ladder and cage structures
have also been proposed for MAO [13-16].

Due to the possibility of producing a wide range of
ethylene/ -olefin copolymers with narrower molecular
weight and comonomer distributions using single-site cat-
alysts rather than the copolymer prepared by conventional
Z-N catalysts, these copolymers are very useful as model
systems in order to study the effect of structure on mor-
phology and mechanical properties of polyethylene [17].

In the previous work, the dynamic mechanical
behaviour [18] and the effect of orientation on the

mechanical properties [19] of a metallocene linear low
density polyethylene (m-LLDPE) and a very low densi-
ty polyethylene (m-VLDPE) were studied. In the pres-
ent work, isothermal crystallization kinetics and melting
behaviour of both metallocene-catalyzed polyethylenes
(m-PEs) are studied in order to understand the thermal
properties of this class of polyolefins in more details.

EXPERIMENTAL

The m-PEs used were supplied by Exxon Chemical and
BASF with the trade names of Exact 3009 (m-LLDPE)
and Luflexen 0332H (m-VLDPE), respectively. The m-
LLDPE was a copolymer of ethylene and hexene-1 and
m-VLDPE was a copolymer of ethylene and butene-1.
Table 1 lists some characteristics of the two polymers.
Sheets of m-PEs of 1.6 mm thickness were prepared by
pressing the granules between PTFE sheets in a
hydraulic press at 160oC for 5 min. Then, the sheets
were quenched directly in water. 

Melting and crystallization rates were measured
using a Perkin-Elmer differential scanning calorimeter
(model DSC-2) interfaced to a PC. The temperature
scale was calibrated by the melting points of highly
purified indium, tin, and stearic acid and the thermal
response of the enthalpy of indium. Isothermal melt
crystallization was performed by rapidly cooling the
sample from the melt to crystallization temperature. The
initial DSC traces reflected a combination of heat losses
due to cooling to the crystallization temperature, Tc, and
onset of crystallization. In order to obtain the crystal-
lization-time dependency, a cooling curve was obtained
for the sample by cooling it through the same tempera-
ture difference, T, but in a temperature region in
which neither crystallization nor melting occurred. For
this purpose the melting temperature was increased by
10 K and cooling curve obtained after cooling to the
temperature 10 K higher than Tc in order to keep | TΔ
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Name 
Mw

(kg/mol)
Mn

(kg/mol)
PDI

MFI
(g/10 min)

Density
(g/cm3)

Comonomer content
(mol%)

m-LLDPE 102.0 40.7 2.5 1.5 0.923 3.3

m-VLDPE 97.3 50.0 2.0 1.6 0.908 6.0

Table 1. Some characteristics of the materials.



constant. This cooling curve was subtracted from the
previously obtained crystallization exotherm and the
corrected crystallization exotherm clearly showed the
onset of crystallization.

RESULTS AND DISCUSSION

Isothermal Crystallization Kinetics
Figure 1 shows the temperature ranges in which from
above their melting points m-LLDPE and m-VLDPE
were crystallized by cooling rate of 2.5 K min-1. Using
cooling rates of 2.5, 5, and 10 K min-1 and extrapolating
to zero cooling rate, the temperatures corresponding to
the onset and maximum rate of crystallizations were
found to be 386.5 and 383.5 K for m-LLDPE and 380 and
367.5 K for m-VLDPE, respectively. 

The Avrami equation was used in order to analyze
the crystallization-time dependence from the melt such
that [20-23];

(1)

where n is Avrami exponent and its value is characteris-
tic of the crystallization mechanism [24], Z is composite
rate constant incorporating both nucleation and growth
and and are the degrees of crystallinity formed at
time t and at the end of the primary process, respectively.
Accordingly;

(2)

A plot of  log[-ln(1-Xt/Xp)] against log t was initially lin-
ear with a slope of n. However, at relative crystallinities
over 40% a lower linear dependence on log t was
observed. This was attributed to a change in mechanism
from primary to secondary crystallization and by assum-
ing consecutive crystallization processes, this break in
the dependency on log t was used to determine, , as
well as n and Z, for the primary process.

The composite rate constant was calculated from the
half-life, and the average value of n at since
[25,26]

(3)

The corrected isothermal crystallization exotherms for
m-PEs were obtained at different temperatures and are
shown in Figures 2a and 2b. The weight fractional crys-
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Figure 1. The crystallization temperature range of the m-PEs
on cooling.

Figure 2. DSC Exotherms of the isothermal melt crystallization
of (a) m-LLDPE and (b) m-VLDPE.

(a)

(b)
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tallinity, Xt, formed up to time t was defined as the frac-
tional area under the rate-time curves below the base-
line, i.e. [27-31];

(4)

where (dH/dt) is the rate of heat evolution. 
By separating the primary and secondary crystal-

lization processes as described above and using eqn (2),
Avrami parameters for the primary crystallization were
calculated. The results are shown in Figures 3a and 3b
for m-LLDPE and m-VLDPE, respectively.  The Avrami
exponents for m-LLDPE and m-VLDPE were found to
be constant at 2.8 0.2 and 2.3 0.2, respectively. The
former value is close to the integer 3 and consistent with

three-dimensional spherical growth from athermal
nuclei, but the latter being clearly fractional, which is
not 2 or 3 as allowed by Avrami. This could be attributed
to the growth of predetermined spherulites with increas-
ing impurity rejection of non-crystallizable material
from the growth fronts in comparison to m-LLDPE.

The variations of half-life and composite rate con-
stant versus temperature are shown in Figures 4 and 5,
respectively. It can be seen that the half-life increased
rapidly with increasing the crystallization temperature.
The half-life of crystallization of m-LLDPE is more sen-
sitive to temperature than that of the m-VLDPE.
Increasing t1/2 and decreasing Z were consistent with the
nucleation control of growth and its dependence on the
degree of supercooling.

Mandelkern and coworkers [32] have used the half-
lives of the isothermal crystallization instead of the crys-
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Figure 3. Avrami analysis of the primary stage of melt crystallization
of (a) m-LLDPE and (b) m-VLDPE.

Figure 5. Variation of composite rate constant vs. temperature
for m-LLDPE and m-VLDPE.

Figure 4. Variation of half-life vs. crystallization temperature
for m-LLDPE and m-VLDPE.
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tal growth rate, g, in the Turnbull and Fisher equation
[33] and proposed that

(5)

where A, T0
m, H,  Tc, , , and R are the constant,

the equilibrium melting temperature, the heat of fusion
per monomer mole, crystallization temperature, lateral
surface free energy, end-surface free energy, and the gas
constant, respectively and a is a constant such that a=1 for
secondary and  a=2 for primary nucleation. 

Taking = 416 K and , Figures 6a and
6b show the plots of ln(1/t1/2) against (T0

m)a/[(T0
m-

Tc)
aTc] for m-LLDPE and m-VLDPE. Due to the

restricted temperature range adopted in the DSC studies,
no distinction could be made between primary and sec-
ondary nucleations as the least square correlation coeffi-

cients were found to be the same for both nuclations. The
fold surface energies at a=1 and a=2 were 13 2 and
0.45 0.02 kJmol-1 for m-LLDPE and 10 2 and 0.43
0.02 kJmol-1 for m-VLDPE, respectively. The tempera-
ture dependence of crystallization could be accounted for
by nucleation effects.

Lamella Thickness Distribution
If ethyl and butyl branches were totally excluded from
the m-VLDPE and m-LLDPE crystals, respectively
then, the resulting melting endotherms, the lamellar
thickness distribution, and the final degree of crystallini-
ty must reflect the sequence distribution of ethyl and
butyl branches along the chains. 

To check this claim, the slowest possible cooling rate
was used in order to give sufficient time to ethylene
molecular sequences to segregate by size during cool-
ing. Thus, the subsequent melting endotherm would
reflect the distribution of ethylene sequences in the
copolymer. The m-LLDPE and m-VLDPE were melted
at 430 K for 5 minutes and then cooled at the rate of 0.31
Kmin-1 to temperatures of 320 and 295 K, respectively.
The samples were then heated at the rate of 10 Kmin-1 to
430 K temperature. Symmetrical distributions were found
by this method which accurately revealed the ethylene
sequence distribution in the copolymers. 

Figure 7 shows the melting endotherms of the two m-
PEs after being slowly cooled. The broad melting
endotherms could be attributed to the molecular segrega-
tion by branch content which was occurred during crystal-
lization. Therefore, the m-PEs molecules that had suffi-
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Figure 6. Temperature dependence of crystallization of m-
LLDPE and m-VLDPE: (a) crystallization half-lives for a=1 and
(b) crystallization half-lives for a=2.

(a)

(b)

Figure 7. Melting endotherms of m-LLDPE and m-VLDPE
after slowly cooling.
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ciently large sequence lengths between adjacent branch
points crystallized at different temperatures during cooling.

Lamella thickness distributions for the m-PEs were
calculated from their DSC melting endotherms accord-
ing to the Gibbs-Thompson equation [34,35]

Tm = T
0
m (6)

Where l, Tm, and are the lamellar thickness, the
melting temperature, and  the melting enthalpy per unit
volume, respectively. Weight, lw, and number average,
ln, thickness, are defined as [36]

(7)

and                                                  

(8)

where is the weight fraction of lamella with thick-
ness of .

Figure 8 shows the lamella thickness distributions
for m-LLDPE and m-VLDPE which were calculated
from their melting endotherms presented in Figure 7.
Using the above equations, the average number of
short chain branching (SCB) per 1000 CH2 groups
was obtained to be 12 1 and 27 1 for m-LLDPE and
m-VLDPE, respectively. These values are in good cor-
relation with the data obtained using other different
techniques which have been published elsewhere
[19,37]. 

Molecular Segregation
In order to investigate the effect of isothermal crystal-
lization time on the subsequent melting behaviour of m-
LLDPE, the samples were melted at 430 K for 5 min,
and then rapidly cooled to 386.6 K at 160 Kmin-1 cool-
ing rate. The samples were crystallized at this tempera-
ture for different periods of time followed by cooling to
320 K and heating at the rate of 10 Kmin-1 to melt. The
results are shown in Figure 9 in which two melting
endotherms can be observed. The melting endotherm at
higher temperature is due to the melting of species
which were crystallized isothermally. However, the
lower temperature peak is related to crystals that were
formed during cooling from the chains which were
unable to take part in the isothermal crystallization at
that particular temperature [38]. At the early stages of
crystallization, because of the merging of the two melt-
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Figure 9. Melting of m-LLDPE after crystallization at 386.6 K.

Figure 10. Melting behaviour of m-VLDPE after crystallization
at 370 K.

Figure 8. Lamella thickness weight distribution of m-LLDPE
and m-VLDPE.
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ing peaks, a single continuous melting curve can be
seen, but as the crystallization time increases the lower
melting peak is separated away. The size of the lower
melting peak usually decreases monotonically until a
constant value is established.

The same experiment was carried out on m-VLDPE.
The samples were melted at 430 K for 5 minutes and
then rapidly cooled to 370 K at 160 Kmin-1 cooling rate.
After crystallization, the samples were cooled to 290 K,
followed by melting at 10 Kmin-1 heating rate (Figure
10). Figure 10 shows that in a short crystallization peri-
od, the melting peak which is related to isothermally
crystallized chains is indistinct and merges into the
lower peak which is produced by crystallization of sam-
ple on cooling. However, as the crystallization time
increases, the former becomes more significant and
finally after 24 h it is distinctly observed.

CONCLUSION

The crystallization and melting behaviours of two m-
PEs were studied. The results obtained from isothermal
crystallization kinetics showed no distinction between
their primary and secondary nucleations. Slow cooling
of m-PEs was also carried out in order to give sufficient
time to the samples and allow the ethylene molecular
sequences to be segregated by size. Symmetrical distri-
butions were reasonably obtained which accurately
reflected the ethylene sequence distributions in the
copolymers. The corresponding SCB calculated for the
m-PEs was in agreement with the previously reported
data. Crystallization of the m-PEs at a temperature for
different periods of time also revealed the presence of
molecular segregation in both polymers.
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