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Abstract—Several ethylene homopolymers and ethene/a-olefin-copolymers with crystallinities ranging between 85
and 12% were characterized by dynamic-mechanical measurements. The occurring relaxations were correlated to the
crystallinity of the polymeric materials and to morphology. The o-relaxation, being attributed to interlamellar shear,
was found to be around 60 °C with activation energies of about 120 kJ/mol in samples with more than 42 % crystal-
linity. The Stransition shows a much greater variety among the different samples characterized. Its relaxation tem-
peratures vary between —40 and 10 °C with activation energies between 200 and 400 kJ/mol. The o~ and frelaxation
of several quenched samples with crystallinities between 63 and 42 % were found to overlap, thus producing bimodal
maxima and different activation energies from the Arrhenius plots. A separation of these overlapping relaxations was
only possible by measuring the relaxations over a frequency range of more than three orders of magnitude.
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INTRODUCTION

Bensason et al. [1] described four different crystalline morphol-
ogies observed in homopolyethylene and ethene-/c~olefin copoly-
mers. The highly lamellar crystallite type IV is found in HDPE with
crystallinities above 55%. The medium crystalline type III with crys-
tallinities between 42% and 55% is typically found in LLDPE. For
plastomers type samples (30%<x<42%) a mixture of bundle and
lamellar crystallites is found, while almost amorphous elastomer
samples (x<30%, type I) contain only bundle crystallites.

The crtransition is observed in all semi-crystalline polymers [2].
In polyethylenes, this relaxation is split into two overlapping ones,
called the o~ and the o“transition, which are both designated to the
crystalline phase [3]. The a-relaxation is reported to take place around
50 °C [3-6], while the o’-relaxation occurs at temperatures closer to
the melting point T,,. Details on the o’-relaxation are published in
the first part of this article series [7]. The o+transition is well under-
stood in comparison to the other possible transitions [4,5]. It is at-
tributed to main chain movements along the c-axis of the crystals,
which is perpendicular to the roughly planar lamella [8-10]. It is
commonly accepted that the mechanism of the c+relaxation involves
shear and reorientation movements along the c-axis of the crystal
lamella.

As the relaxation occurs in the crystalline phase, the o+transition
temperature is dependent on the crystallinity and the crystal lamella
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thickness. Popli et al. [6] found that for polyethylenes with a crystal-
linity of 40% the o~transition temperature measured at 1 Hz increased
from 25 to 105 °C, when the lamella thickness decreased from 17.5
nm to 7 nm.

An indirect measure of the lamella thickness is the “linear crys-
tallinity.” It is defined as the third root of the crystallinity (x,”) and
was introduced in detail in the first part of this article [7]. When the
lamella thickness is plotted as a function of the crystallinity x detected
from volumetric [3,6,9] or calorimetric experiments [11,12], a cor-
relation is evident. The different data in literature agree fairly well
and can be described with a 3* order polynomial [10].

The dependence of the lamella thickness /. on the molar mass
[3,9] can be understood as a consequence of the molar mass de-
pendence of the crystallization rate [9,10,13]. As crystallization nec-
essarily requires molecular mobility, the lamella thickness /. is also
significantly influenced by the relaxation time scale [9,10]. As the
motions during crystallization are occurring on a rather small scale,
despite the high speed of crystallization, mainly very low shear rates
should occur. Thus, the zero shear-rate viscosity 77, should be a better
influence factor for the lamella thickness than the molar mass. For
linear polymers, this does not matter very much as 7, and M,, are
proportional to each other (e.g. [14-16]). However, the zero shear-
rate viscosity of long-chain branched polymers is not only depen-
dent on M,, but also on the branching topography (number of long-
chain branches, their length, position, ...) [16-21].

Piel et al. [18] showed that for HDPE without any comonomer
the crystallinity obtained after cooling with a cooling speed of 20 K/
min varies between approximately 70% (M,,~70 kg/mol) and 44%
(M,,=1,000 kg/mol).

The crrelaxation is only observed in samples with a morphology
type IV according to the morphology scheme developed for ethene-/
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Table 1. Literature data of activation energies for o~ and Frelaxations, SCB - short chain branched, lin - linear

Author E,(a) [kl/mol] E,(p) [kl/mol] Branches Method
Matthews et al. [12] 80-120 430-500 SCB Temperature dependent maximum of tand (0.1-30 Hz)
Nitta and Tanaka [3] - 200-250 SCB log a; (unknown frequency spectrum)
100-120 90 lin
Glowinkowski et al. [25]  75-88 50 SCB,lin  NMR

ooctene- and ethene-/styrene- copolymers [1]. This scheme is also
applicable for other ethene-/c~olefin copolymers, although the cor-
relation between the comonomer content and the resulting crystal-
linity will be different. As an example, the border between morph-
ology type Il and 1V is around 55% (x,”=0.82) crystallinity or 2.5
mol% comonomer in case of a homogeneous comonomer distri-
bution, while for an inhomogeneous comonomer distribution, the
border can be somewhat higher due to the partial phase separation
of PE chains with different comonomer contents [9,10,22,23]. The
effect of side-chain distribution on the crystallization has recently
been shown by Wagener’s group [24] - the broadening of the melt-
ing peak in pure random copolymers is, therefore, mainly caused
by chain segments with different lengths between the short-chain
branches. The comonomer content and distribution influences the
ortransition indirectly, as it produces short-chain branches (SCB),
which influence the crystallinity and morphology.

The activation energy of the a-relaxation has been measured by
several authors (Table 1). Matthews et al. [12] found activation ener-
gies of the a-relaxation for SCB-polyethylenes between 80 and 120
kJ/mol, which were determined by dynamic-mechanical measure-
ments at a constant heating rate on frequencies ranging between 1
and 30 Hz, i.e., heating scans on different samples. Nitta and Tanaka
[3] determined the activation energy for linear and SCB-polyethyl-
enes to have values between 100 and 120 kJ/mol, however, without
stating how they exactly determined the shift factors. Glowinkowski
et al. [25] used nuclear magnetic resonance (NMR) and determined
identical activation energies of the o-relaxation of linear and SCB-
polyethylenes to about 80 kJ/mol. The data found in literature indi-
cates that the activation energy should be between 75 and 120 kJ/
mol for a typical HDPE.

However, it is still somewhat illusive, when the o-relaxation is
taking place and which structural factors influence it (besides the
lamella thickness).

The Srelaxation is located in the amorphous phase as it is found
in completely amorphous ethene-/c~olefin copolymers, too (e.g.
[26]). From the dependence of the intensity of the relaxation meas-
ured in tand on the crystallinity, Starck and Lofgren [27] concluded
that the origin of the frelaxation is in the amorphous phase. Dechter
et al. [28] drew the same conclusion from their NMR-measurements
as the mobility of the chains in the amorphous regime is quite high,
while the chains in the crystallites are almost fixed.

In linear HDPE, the Srelaxation is reported to be very weak or
not to be observable at all. Matthews et al. [12] concluded that this
is due to the high degree of crystallinity. The crystal lamellae hinder
the small amorphous phase to undergo the Frelaxation until the o~
transition has occurred. Therefore, the Stransition is not observ-
able, as it overlaps with the o~transition occurring at the very same
temperature.

All articles found agree that the frelaxation takes place in short

chain branched polyethylenes (LLDPE and LDPE) between —60
and +20 °C. Its intensity is strongly connected to the crystallinity.
According to Starck and Lofgren, the intensity of the Stransition is
not only dependent on the size of the interfacial phase [29] but also
on the type of comonomer [27].

The activation energy of the ftransition was reported several
times (Table 1). Matthews et al. [12] found values between 430 and
500 kJ/mol for an LLDPE subjected to different thermal and mech-
anical treatments but showing a crystallinity of around 40%. Nitta
and Tanaka [3] report values between 200 and 250 kJ/mol for quench-
ed LLDPE with crystallinities between 35 and 43%. For quenched
HDPE with crystallinities between 70 and 54%, they found activa-
tion energies of around 90 kJ/mol in the region of the weak [tran-
sition. Glowinkowski et al. [25] found an activation energy of the
Prelaxation of 50 kJ/mol for both an HDPE and an LLDPE.

The strong dependence of the Srelaxation temperature on the
comonomer content (and thus on the crystallinity) indicates that it
is based on a larger scale movement.

The values reported for the activation energy vary by a factor of
10. The reason may be that this transition is very much dependent
on the microstructure of the polymer. It also depends on the method
used for the determination of the activation energy.

Although both o+ and Atransition were investigated by several
research groups, it is still not completely understood how crystal
morphology (lamella thickness, crystal structure, crystallinity, ...)
and the relaxations interact. Especially, the broad range of the activa-
tion energies found for the Ftransition and large temperature span,
which is reported, raises the question of what the influencing factors
are and is the process the same for all crystallinities. Also, it is not
clear from literature whether the activation energy of the o~relax-
ation is dependent only on the crystallinity or if other morphologi-
cal properties come into play.

This article intends to shed some light on these questions to con-
tribute to the clarification of the molecular mechanisms and their
link to crystalline structure.

It is also unclear whether the £ or the j«transition (occurring around
—115°C) can be considered to be the glass transition of PE. This
question, however, will be discussed in part III [1] of this article
series, as it also requires a thorough discussion of the yrelaxation.

EXPERIMENTAL

The o~ and Srelaxation were investigated for a number of com-
mercially available grades of polyolefins. Their thermal character-
istics are summarized in Table 2. Experimental details of the sam-
ple preparation and measuring techniques used are described in part
I of this article series in detail [7] as well as their microstructure.
Some rheological data about these samples have been published
elsewhere as well [14,15,30-35].

Korean J. Chem. Eng.(Vol. 28, No. 3)
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Table 2. Melting temperatures, densities, and crystallinities for the grades investigated

Quenched samples

Slowly cooled samples

Name terl\ri[eel;?tﬁre Density  Crystallinity L 1’ teregzlglre Density ~ Crystallinity L 1’
rpo lgeml o oxel TAL AL TGS plgen]  x (%] (Al (A

HDPE 1 139.6 0.947 70 nd. nd. 1394 0.970 80 270 212

HDPE 2 135.0 0.940 63 210 132 135.1 0.949 68 252 172

HDPE 3 1332 0.937 61 215 145 133.6 0.948 68 259 181

HDPE 4 133.9 0.933 58 255 147

LLDPE 1 124.1 0.919 48 196 95

LLDPE 2 115.3/123.0° 0.915 45 172 78

LDPE 1 110.4 0.915 45 134 60 110.4 0.919 48 152 73

LLDPE 3 115.8 0913 44 161 70

LLDPE 4 112.2 0.910 42 155 64

LLDPE 5 106.7 0.904 37 150 56

LLDPE 6 101.4 0.898 33 145 48

LLDPE 7 100.4 0.898 33 138 46 100.9 0.901 35 143 50

LLDPE 8 97.8 0.897 32 143 46 96.9 0.902 36 150 60

LLDPE 9 94.0 0.896 32 134 43

LLDPE 10 97.1 0.893 30 136 41

LLDPE 11  44.1/63.5¢ 0.871 13 144 19

“Two discrete melting peaks were observed; for further analysis the average value of the two values was taken

"From [9,10]

The long period L, was determined from SAXS-experiments,
published in detail elsewhere [9]. The lamella thickness /, is calcu-
lated from the long period L, and the volumetric crystallinity x, by

I=x,L, )

RESULTS AND DISCUSSION

1. o~ Transition

The c+transition is mainly observed in the HDPE resins show-
ing a crystallinity x, of or more than 55%. For LLDPEs no distinct
orrelaxation is found. The differences in the relaxation behavior
between the different grades are small compared to the other resins.

Loss modulus E" [Pa]
-]
=
o—q
aaliasg
7
o4 5
4 \>\
4 h
<
A
K<]
(-. \
O\C L
\O
\O
AY
p
l:’/D
3/ /<_
1

N
=1

o o 0T 7

§ o068 0000 TN
6x10" —5—0.01Hz| % 9
] v=01Hz | \ |
—o—1Hz 4]

\ ]

a

T

—c—10Hz
L R A A R A A LA LA

—————
-40 -20 0 20 40 60 80
Temperature T [°C]

Fig. 1. o~Relaxation of quenched HDPE 2. The vertical line indi-
cates the maximum at each frequency v.
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A typical example of an o-relaxation is given in Fig. 1. This figure
shows the loss modulus as a function of temperature at four differ-
ent frequencies for quenched HDPE 2. A distinct maximum in E”
is observed, which is shifted to higher temperatures with increas-
ing frequency. Besides, the maximum value in E” decreases with
increasing frequency. The different maximum values of the loss
modulus E” at the peak temperature are due to the decrease of the
complex modulus in that temperature range [36].

As both the storage and loss modulus decrease in the tempera-
ture range at the o-transition, tand does not show a distinct maxi-
mum, when plotted at constant frequency as different temperatures.

= .
£ 1
~ i -
N 60
|_:
© 554 .
2
©
[14]
g 50] U4 i
o
=
5 0 Quenched
T 45- 3 = Slowly cooled -
o
k]
o
d 40 I T T T
0.825 0.850 0.875 0.900 0.925 0.950

Linear crystallinity x," [-]

Fig. 2. o-Relaxation temperature of linear HDPE as a function of
the linear crystallinity (numbers denote the HDPE sample
number).
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Fig. 3. o-Relaxation temperature of HDPE as a function of the la-
mella thickness /, (number denotes the HDPE sample num-
ber, lamella thickness taken from [10]).

Therefore, the loss modulus was chosen to get an insight into the
relaxation mechanisms.

The relaxation temperature was determined as the null of the first
derivative of E" [37] with respect to temperature. Fig. 2 shows that
the o-relaxation temperature at 1 Hz (T (1 Hz)) is directly propor-
tional to the linear crystallinity of the sample. Only the quenched
samples of HDPE 1 and 4 lie away from the line.

This deviation of quenched HDPE 1 and 4 is due to their dif-
ferent crystallization kinetics, which lead to different lamella struc-
tures to be discussed later.

From the findings of Liu et al. [§] and Popli et al. [6] this result
is expected, as the orrelaxation temperature is connected to the crystal
lamella thickness and, therefore, to the melting temperature. Thick
lamellae (high melting temperature) results in a stronger hindrance
of the molecular motion (shear movements along the c-axis being
perpendicular to the lamellae) underlying the crrelaxation. To com-
pensate for the hindrance stemming from the increased lamella stiff-
ness the temperature has to be increased in order to soften the lamel-
lae, thus rendering the c-relaxation possible.

The best correlation between the a-relaxation temperature and a
structural parameter is found for the lamella thickness /.. This con-
firms Boyd’s postulate [4,5] that the o~relaxation mainly depends
on the lamella thickness due to the lamella shear process. The sam-
ples follow a linear correlation between those quantities within an
error margin of approximately £10% in the determination of the
lamella thickness /.

From the plot of the frequency of the maximum in E” in isother-
mal frequency sweeps (see Fig. 1) as a function of the reciprocal

Table 3. o~Relaxation temperatures and activation energies

Temperature T [°C]
80 70 60 50 40 30 20

' ' ' + HDPE 1, slowly cooled - E,=123 kJ/imol
— 10 4 = HDPE 2, slowly cooled - E,=109 kJ/mol
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Fig. 4. Arrhenius plot of c~relaxations of the maximum frequency
in E” of two HDPE with different cooling conditions, the
temperature error bars correspond to an uncertainty of
+1 K.

absolute temperature (Fig. 4), the activation energies of the o-relax-
ation are determined from the maximum of E'(T) at constant fie-
quency V. They are in the range of 110-120 kJ/mol for the slowly
cooled products, while the quenched ones lie a little higher (120-
130 kJ/mol). The crrelaxation of the quenched samples is at lower
temperatures but with higher activation energies.

The most probable reason for these slightly higher activation en-
ergies is that the lamellae of the quenched samples are more dis-
torted. Thus, their c~relaxation takes place at a lower temperature,
which increases the potential barrier. Unlike in better ordered lamel-
lae of slowly-cooled samples, this barrier can be overcome at that
lower temperature because of the more imperfect crystal structure.

The data for the activation energies and the o~transition temper-
atures are given in Table 3.

The quenched samples HDPE 3 and 4 represent special cases of
the o-relaxation and are, thus, discussed later (cf. Fig. 10-12).

2. FTransition

The frelaxation was found in all LLDPES, plastomers and LDPEs.

As an example, Fig. 5 shows the Brelaxation in E” at 1 Hz of
three quenched LLDPE-products. The ftransition temperature was
determined as the maximum of the loss modulus as a function of
temperature (E"(T)) at a fixed frequency (just like the ortransition).
Fig. 5 compares LLDPE:s of different crystallinity and different morph-
ologies. LLDPE 1 has the highest crystallinity (48%) with a type
1T morphology, while LLDPE 9 has a type II morphology and a
crystallinity of 32%. The sample LLDPE 11 is almost amorphous

Quenched samples

Slowly cooled samples

Name
T, (1Hz) [°C] E. (@) [kJ/mol] Crystallinity x, [%] T, (1Hz) [°C] E. (@) [kJ/mol] Crystallinity x, [%]
HDPE 1 62 124 67 63 123 82
HDPE 2 45 130 61 52 109 68
HDPE 3 53 121 68

Korean J. Chem. Eng.(Vol. 28, No. 3)
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Fig. 5. Relaxation of three quenched LLDPE:s at 1 Hz. Relaxation
temperatures are marked by vertical lines.

(x,=13%) with a type I morphology. The maximum broadens with
increasing crystallinity and is shifted to higher temperatures. An
increase in crystallinity not only decreases the amount of the amor-
phous phase, but simultaneously decreases the mobility of the mol-
ecules in the amorphous region, as the average distance between
chains and thus the local free volume is reduced [10]. As the mobil-
ity of polymer molecules in the amorphous state is governed by
both the temperature and the free volume, the temperature has to be
increased to attain the chain mobility necessary for the Stransition.

The broadening of the transition on temperature scale with in-
creasing crystallinity can be explained by the assumption of a non-
uniform distribution of the chain mobility in the amorphous phase
between the crystallites, which is caused by the different proximi-
ties to the next crystal. In a sample with a rather low crystallinity,
these effects do not play a decisive role, while in LLDPE with a
crystallinity around 50%, the chains in the amorphous phase close
to the crystallites should be much less mobile than the ones farther
away from it.

Assuming that the boundary between the crystals and the amor-
phous region is gradual, it becomes obvious that the amorphous
regime between the crystal lamellae is not very large. This can be
easily understood from the following example. For PE with a crys-
tallinity between 20 and 60% and a molar mass M,, around 100 kg/
mol (which is typical for commercial LLDPE extrusion grades), a
nearly constant interlamellar spacing of approximately 95 A was
found, which is equivalent to 37 monomer stretched units [10]. As
the size of the crystallites and their distance from each other are not
uniform, the amorphous phase will statistically fluctuate in size.
The higher the crystallinity the more rigid the crystallites will be.
Therefore, the chain segments in the amorphous phase in proxim-
ity to the crystallites will have a reduced mobility, while the ones
far away from it are much less restricted in terms of mobility. This
leads to a gradient of chain mobility in the amorphous phase as a
function of distance from the crystal interface. The size of this gradi-
ent is highly dependent on the rigidity of the crystal.

Therefore, it is understandable that the peaks of the Ftransitions
in Fig. 5 are broadened and decreased in intensity. This also pro-
vides a possible explanation for the fact that no Srelaxation was
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Fig. 6. fRelaxation temperature (T, (1 Hz)) as a function of the
crystallinity (data points determined in 3.3)). Line is least
square fit to the data with morphology type II and III. The
data points in brackets represent special cases to be dis-
cussed in Fig. 10-12.

found for samples with a type IV-morphology; the reduced inter-
lamellar spacing and the rigidity of the crystallites lead to a very
much reduced chain mobility in the amorphous phase and, hence,
to a distinct weakening of the frelaxation along with a even more
pronounced broadening of the relaxation peak. This will lead to a
disappearance of the relaxation in DMTA-measurements. The /-
relaxation, however, still exists in these samples--it is just that much
smeared out that it cannot be detected anymore. Also, it is partially
overlapped by the o, the o“relaxation and the onset of the melting
peak. One has to consider that the content of amorphous material
decreases with increasing crystallinity and, thus, also the intensity
of the Sransition.

When plotting the Srelaxation temperature T, (1 Hz) vs. the crys-
tallinity, a linear decrease with decreasing crystallinity is evident for
type II and III morphologies (Fig. 6), which is in agreement with
literature [1,3,26,27]. The transition temperature seems not to depend
on the thermal history of the sample and is also independent of the
comonomer type. A plot of T, (1 Hz) vs. the comonomer content
(not shown) shows the same tendency. However, the data deviates
from a linear dependence Ty (x,) by up to 15 K in the Brelaxation
temperature. Therefore, other properties also have to play a role.

The morphology classes according to Bensason et al. [1] are in-
dicated in the plot, too. It seems that polyethylenes with a type III
morphology feature ftransition (at 1 Hz) temperatures between 0
and —25 °C. Polyethylenes having with a type Il morphology have
a transition temperature between —18 and —30 °C. For polyethyl-
enes with a type I morphology T, (1 Hz) comes to lie even below
that temperature. However, this cannot be discussed in a quantita-
tive way as only one sample lies in that region. Méader et al. [26]
found the Srelaxation temperature of amorphous ethene-/butene
copolymers with comonomer contents between 31 and 56 mol%
to be around —60 °C. This small temperature dependence for the
amorphous samples and the relatively large one for the crystalline
samples indicates that the crystalline structure at least partially deter-
mines the Frelaxation temperature. The most likely process for that
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is the reduction of chain mobility in the proximity of the crystals,
which obviously is irrelevant for amorphous samples.

For the samples with crystallinities between 30 and 50% a linear
dependence of T, (1 Hz) on x, was fitted, describing all data points
with an accuracy of +10 K:

T, (1 H2)=T (1 H2)+S x, for x,>30% )

S; is called the sensitivity of the Stransition temperature. The fit
supplies values of T,[;):— 70.8°C and S,~=1.4 K per % crystallinity.

Three resins from the same manufacturer are comparable in all
properties except for the comonomer type used (LLDPE 7, 8, and
9) and are within the same morphology class II. The comonomer
content of the samples is approximately equal to 6.5+1 mol%. The
crystallinity of LLDPE 8 and 9 is the same (x,=32%), while LLDPE
7 shows a slightly higher crystallinity of 33%. This is the conse-
quence of the higher effectivity of longer comonomers in suppress-
ing the crystallization.

The Arrhenius plot of these resins is shown in Fig. 7. The activa-
tion energy (=235 kJ/mol) is similar for all these polymers within
an error margin of 10%. A possible correction for the differences
in crystallinity of LLDPE 7 using the scaling law (2) is within the
limits of uncertainty. Fig. 7 shows that at a fixed frequency an in-

Temperature [°C]
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& LLDPEY, f 10
7.5 mol% butene [
E, =255 kdimol |]

v LLDPET7,
5.8 mol% hexene
E, =226 k)imol { 1

o LLDPES, [
— | 6.2 mol% octene |{

E, = 237 kJ/mol i

Butene

Frequency v [Hz]
o
I

0.01+ 40.01

3.9 4.0 471 42 4.3
1000/T [1/K]

Fig. 7. Arrhenius plot of the [relaxation of three quenched
LLDPE-plastomers with different comonomer but similar
crystallinity (for further details see text).

Table 4. f-Relaxation temperatures and activation energies

crease in comonomer length results in an increase in T, (1 Hz). The
data suggests that each additional CH,~group in the comonomer
increases T, by about 7 K. Starck and Lofgren [27] describe the same
effect for the longer comonomers octene, tetradecene (C14), and
octadecene (C18), but found that a further increase of the comono-
mer length leads to an increase of T,, which is in agreement with
the findings of Piel et al. [38], who found that longer comonomers
tend to cause a side chain crystallization.

As the crystallinities of LLDPE 8 and 9 are the same, while the
comonomer contents are 6.2 mol% octene and 7.5 mol% butene,
respectively, it is concluded that longer comonomers are more ef-
fective in decreasing the Aransition temperature. This is easily imag-
inable by considering the sterical obstruction of comonomers with
different chain lengths during crystallization.

Although most samples studied have similar activation energies
of the Srelaxation between 200 and 250 kJ/mol, some samples ex-
hibit a much higher activation energy. Fig. 8 shows the Arrhenius
plots of those samples together with some typical examples.

The activation energy of the ftransition of all samples deter-
mined from the Arrhenius plots is summarized in Table 4. At a first
glance, the broad range of activation energies in literature (Table 1)
is confirmed and also certain commonalities can be derived. For
some of the samples a very unusual thermal behavior was found,
which will be discussed later.

When looking at the activation energies as a function of crystal-

Temperature T [°C]
20 10 0 -10 -20 -30 -40 -50

T T T

Slow cooled

10 ——mh o | @ LDPE 1, E,=386 kJimol
Pt ® LLDPE B, E =227 klimal
P [ouenches

P & LLDPE 4, E =415 klimol
¥ LLDPE S, E,=205 kJimol
*1 4 LLDPE 10, E =228 kiimol

| % LLDPE 11, E =220 kiimol

-
L

e
=

ot <401

Freguency v [Hz]

0.01 - Ao 0.01
» s

376 37? 3.8 379 470 471 472 473 474
1000/T [1/K]

Fig. 8. Arrhenius-plot of the Srelaxations of an LDPE and some
LLDPE products.

Slowly cooled samples

T,(1 Hz) [°C] E, (/) [kl/mol] Crystallinity x, [%]

Morphology Quenched samples
class T,(1Hz) [)C] E, () [kJ/mol] Crystallinity x, [%]

LLDPE 2 11 -18 346
LDPE 1 III

LLDPE 4 111 -23 415
LLDPE 5 11 =30 205
LLDPE 7 11 -24 226
LLDPE 8 1I -19 237
LLDPE 9 1I =30 255
LLDPE 10 11 -26 228
LLDPE 11 I -37 220

45

1 322 48
42
37
33 =32 256 35
32 -18 230 36
32
30
13
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Fig. 9. Activation energies of the Srelaxation as a function of the
crystallinity (only including /relaxations without a bend
in the Arrhenius plot), a 10% error is shown for the slowly
cooled samples.

linity and of morphology class, they are grouped as follows: the
activation energy of the Srelaxation of a polymer with a type III
morphology is 300-450 kJ/mol, while the bundle crystallite domi-
nated morphologies I and II have activation energies between 200
and 260 kJ/mol (Fig. 9). These results suggest a slightly other value
for the border between type II and III morphology. It was changed
from x,=43% as suggested by [1] to 39% [39] based on the activa-
tion energies found here and also by Matthews et al. [12] and Nitta
and Tanaka [3]. However, the data point with a crystallinity of 42%
of Nitta and Tanaka [3] does not follow the tendency of the other
data points, as its activation energy is much lower than the values
of the comparable samples LLDPE 2 and 4.

It is interesting to note that the activation energy is found to in-
crease for samples with a type Il morphology with decreasing crys-
tallinity. At the border between type Il and Il morphology (x,~39%),
the activation energy of the ftransition is expected to reach a max-
imum of about 450 kJ/mol. This value is reached by Matthews et
al. [12].

This can be explained by distorted crystalline lamellae which
are no longer sufficiently strong to prevent the frelaxation from
happening at low temperatures, but they are strong enough to double
the potential barrier compared to samples with a type II morphol-
ogy. Hence, a mixed type II and Il morphology causes an extremely
high activation energy of the Srelaxation. It is interesting to note
that the maximum value of E" shows a similar behavior to the activa-
tion energy, although increasing with decreasing crystallinity, which
is due increasing fraction of chains being able to do the Srelax-
ation, i.e., amorphous chains.

The samples with type II and I morphologies have activation en-
ergies around 230 kJ/mol independent of their crystallinity. This
suggests that the number and size of bundle crystallites and lamel-
lae does not influence the potential barrier. The size of the lamellae/
bundles around x,~39% is approximately 60 A. As stated before, the
interlamellar spacing in this regime is around 95 A remaining con-
stant down to crystallinities around 20% [10].

In HDPE, this transition was observed to be very weak accord-
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ing to literature. In our measurements, we were not able to observe
it as a separate relaxation for any PE. Thus it is not possible to dis-
cuss this issue quantitatively.
3. Overlapping o~ and [-transitions

The activation energies of the relaxations were determined by
using the temperatures of the peak maximum of the loss modulus
at various fixed frequencies. As long as only one relaxation pro-
cess is dominant, the activation energy can be determined easily
with this method. If a broad or even bimodal peak is present in E”
two or more molecular processes overlap. As relaxations of differ-
ent molecular origin normally have different frequency dependen-
cies, the shape of the peak changes with frequency. If the relaxation
process changes within the frequency range applied in the DMTA-
tests, the Arrhenius plot will exhibit different activation energies at
different frequencies. The result is an Arrhenius plot having two
linear branches of different slope.

Fig. 10 shows the crrelaxation of the quenched HDPE 3. All fre-
quencies between 0.016 and 0.6 Hz show a broad peak with high

Process 1 dominant:
Process 2| E, = 100 kJ/mol
.
1 8x10° JT T Process 2| ————{= = =0.006 Hz
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1210 Jooa b L7 /D/V‘* X —o—08Hz
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e L L L e o, S
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Fig. 10. Temperature dependence of loss modulus of HDPE 3
(quenched) at various frequencies showing two overlap-
ping relaxation processes. The arrows marking the non-
dominant process (details of the determination see text).
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Fig. 11. Arrhenius plot of the c~relaxation of HDPE 3 and HDPE 4.
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(e.g., 0.006 Hz) or low temperature shoulders (0.25 Hz). The change
in peak shape is a strong indication of the presence of two pro-
cesses. In the Arrhenius plot, where only the maximum tempera-
ture is plotted (Fig. 11), these two processes are clearly distinguishable
because two straight lines of different slope (activation energy) are
evident.

For quenched HDPE 3 very pronounced differences in the acti-
vation energies are visible in Fig. 11. Process 1 takes place at higher
temperatures with an activation energy of 265 kJ/mol, while the
second process is found at a lower temperature with a significantly
lower activation energy of 100 kJ/mol. Additionally, no peaks are
found between 30 °C and 40 °C. For quenched HDPE 4 the difference
in the activation energies is rather low so that it would be possible
to consider this effect as a measurement error. The data of quenched
HDPE 3, however, make this unlikely.

For quenched HDPE 3, the temperature of the peak maxima for
each process was calculated from the activation energies (Fig. 10),
the relaxation for all the frequencies where the respective process
is not dominant. Its relaxation temperature was marked in Fig. 10
as an arrow. The relaxation temperatures of process 1 are marked
with upward pointing arrows; downward pointing arrows were used
for process 2. Especially, the maxima of process 2 are evident at
low frequencies as a broad maximum or shoulder, even though pro-
cess 1 is dominant. HDPE 4 shows the same effect but with smaller
differences. Only at low frequencies is a broadened relaxation peak
observable.

It should be mentioned that slowly cooled HDPE 3 showed an
unusual scattering behavior in WAXS and SAXS, which was attrib-
uted to intermolecular phase separation as a consequence of two
distinctly different species of chains with virtually no and significant
amounts of comonomer [9,10]. However, the question remains,
how this phase separation affects the quenched sample discussed
here, where no distinct phase separation is found.

A similar observation was made for some of the frelaxation as
well. Four quenched products (LDPE 1, LLDPE 1, 3, 6) show these
two ranges of significantly different temperature dependencies.

The temperature dependence of the Srelaxations of these four
products shows an Arrhenius plot (Fig. 12) similar to the o-relax-
ation of quenched HDPE 3.

The change in the temperature dependence of the o~ and SFrelax-
ations occurs at frequencies between 0.6 and 0.1 Hz for the six sam-
ples showing this effect. Thus the Arrhenius plots (Fig. 11/Fig. 12)
showing the two regimes of different temperature dependence are

961
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10 0 -10 -20 -30
10f——% Y' e L ¥ ! 10
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Fig. 12. Arrhenius plot of the Srelaxations of quenched products
showing two regions of different activation energies.

documented by at least four measuring points in each region. We,
therefore, believe that the effect is real. One reason why this effect
has not been described before is that no recent article reported meas-
urements at frequencies below 0.1 Hz.

The activation energies of the two branch transitions and the cross-
over frequencies separation of the two branches are listed in Table 5.
The open question is now what the nature of the two overlapping
relaxation processes is.

Five samples in the crystallinity range of 60%>x,>44% show
two overlapping processes. These samples have crystallinities, which
classifies them as morphology type III samples or type IV sam-
ples, which are close to a type Il morphology [1]. Matthews et al.
[12] postulate that the Frelaxation cannot occur in HDPE due to
geometrical constraints in the very small amorphous regions between
the lamellae. If the o-relaxation has occurred, the constraints are
removed and the Frelaxation can take place now.

Therefore, the assumption is evident that the two processes ob-
served are in fact the o~ and the frelaxation. The high temperature
process with the higher activation energy is attributed to the Srelax-
ation despite the higher relaxation temperatures; the process with
the lower activation energy is the a~relaxation. This seems contra-
dictory at a first glance; however, it becomes comprehensible, when,
additionally, assuming T, to be slightly above T, the a-relaxation

Table 5. Activation energies for overlapping o~ and Srelaxations

X, Activation energy E, () - Activation energy E, (f) - Highest frequency of dominating
Name :
[%] process 1 process 2 a-relaxation [Hz]
HDPE 3 61 145 176 0.1
HDPE 4 58 100 265 0.1
LLDPE 1 48 294 (529) n.d.
LDPE 1 45 152 327 0.6
LLDPE 3 44 183 537 0.4
LLDPE 6 33 157° 423 0.16"

“Strange shape of Arrhenius plot, activation energy questionable
"Exact origin of process unknown

Korean J. Chem. Eng.(Vol. 28, No. 3)
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has to occur below the frelaxation temperature at low frequencies
due to its lower activation energy.

The values of the activation energy E, of the overlapping orrelax-
ation are higher than found for the samples with the “normal” a-re-
laxations and lower in the relaxation temperature (except for quenched
HDPE 3). As those samples feature a lower crystallinity and thus a
more distorted crystal structure, the argumentation of the influence
of quenching in comparison to slowly-cooling can be applied to
this finding as well. The activation energies of the overlapping
relaxations are in the range of those of the samples with normal /3
relaxations (see also the dashed lines in Fig. 11).

If the amorphous phase is still frozen, the hindrance of the lamel-
lar crrelaxation is higher and thus the o+transition will take place
with a higher intensity compared to the c+relaxation in lamellae
surrounded by a rubbery amorphous phase. Therefore, the o-relax-
ation found at temperatures below the Sransition will have a higher
intensity than those at temperatures above the Stransition, which
was found, e.g., for quenched HDPE 3 (Fig. 10). The Stransition,
however, is not distinctly influenced by the a-transition. Thus the o~
transition at temperatures below the Stransitions will show a dou-
ble peak (in the plot E"(T)), while in the opposite case only a small
shoulder is found.

In the case of T,<T,, part of the deformation can be compen-
sated by the rubbery amorphous phase, thus leading to a diminish-
ing intensity of the o-relaxation at higher frequencies.

The activation energies of the overlapping relaxations are increased,
which is probably due a mutual hindrance of the o~ and the fre-
laxation. If the Srelaxation is shifted towards higher temperatures,
the potential barrier is increased and thus the activation energy.

This can be observed when looking at Fig. 9, which shows the
increase of the activation energy of the frelaxation as a function
of the crystallinity. The Frelaxation is also increased. As a higher
crystallinity causes a more ordered crystal structure, the potential
barrier increases. As the resins with a type III-morphology feature
very narrow amorphous interlamellar areas, the frelaxation is very
much hindered, thus leading to higher transition temperatures.

The potential barrier of the c-relaxation on the other hand is low-
ered by the decreasing lamella thickness in a type III morphology.
Therefore, the o-transition is shifted to lower temperatures. As the
o-process requires at least partially rubbery amorphous regions,
the transition cannot be shifted much below the ftransition. Thus
the o~ and the Aransitions are occurring almost at the same tem-
peratures. Because of the hindrance of the high temperature of the
Prelaxation, the activation energy of the orrelaxation is increased
for type III but not for type IV materials.

In case of LLDPE 6, the Arrhenius plot has two regimes which
have significantly different activation energies. However, no clear
sign of bimodality is found when looking at E"(T) at fixed frequency
v. Also, the temperature of the low frequency regime is much too
low to be an e+transition. According to different experiments with
copolymerizations the incorporation of comonomer changes the
molar mass and, thus, it is unlikely that a sizable comonomer gradi-
ent is present in the material without broadening its molar mass dis-
tribution M, /M, but cannot be completely excluded [19,38,40,41].
This suggests that the two relaxations taking place are indeed two
Prelaxations. The relaxation dominant at high frequencies is show-
ing a type I Frelaxation, while the one at low temperatures looks
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Fig. 13. Overview of the links between molecular structure and
different relaxations described in literature.

like a type II Sransition. The conclusion of this finding is very in-
teresting. A sample with a crystal morphology which behaves like
type III at high frequencies but like type II at low frequencies must
have a morphology, which is at the border between those two crystal
morphologies. This means that the border between them is a clear
dividing line.

CONCLUSIONS AND SUMMARY

An overview of the structure property relationships in literature
and established in this article is given graphically in Fig, 13.

The crrelaxation was found in all samples with a crystallinity of
above of 55%, which classifies their morphology as type IV (highly
ordered lamellar [1]). In some quenched resins with a type III morph-
ology this transition appears also but it is accompanied with the /-
transition, at least partially overlapping each other. As the crrelax-
ation temperature is decreasing with decreasing crystallinity the ori-
gin was confirmed to be the crystal lamellae.

The Srelaxation, on the other hand, originates in the amorphous
phase. This is evident because the frelaxation disappears with in-
creasing crystallinity and so does its activation energy.

Several quenched samples with a crystallinity between 63 and
40% were found to have a bend in the Arrhenius plot of their o or
Prelaxation. This bend was attributed to overlapping o~ and Sre-
laxations, whose relaxation temperatures are unchanged compared
to a non-overlapped o or frelaxation, but their activation energies
are increased due to a mutual hindrance of those two processes.
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