Rheol Acta (2011) 50:559-575
DOI 10.1007/s00397-011-0575-9

ORIGINAL CONTRIBUTION

Thermorheological behavior of polyethylene:
a sensitive probe to molecular structure

Julia A. Resch - Ute KeBner - Florian J. Stadler

Received: 30 March 2011 / Revised: 5 June 2011 / Accepted: 23 June 2011 / Published online: 30 July 2011

© Springer-Verlag 2011

Abstract Recent investigations have shown that
different topographies in polyethylene (PE) lead
to either thermorheological simplicity (linear and
short-chain branched PE) or two different types of
thermorheologically complex behavior. Low-density
polyethylene (LDPE) has a thermorheological com-
plexity, which can be eliminated by a modulus
shift, while long-chain branched metallocene PE
(LCB-mPE) has a temperature dependent shape of
the spectrum and thus a total failure of the time-
temperature superposition principle. The reason for
that behavior lies in the different relaxation times of
linear and long-chain branched chains, present in LCB-
mPE. The origin of the thermorheological complexity
of LDPE might be the temperature dependence of the
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Introduction

Polyethylene (PE) is the most used polymer world-
wide. While some aspects of it are relatively well
understood nowadays, many aspects remain illusive
despite the fact that PE is the simplest polymer avail-
able (Dealy and Larson 2006). There are three main
types of PE, which differ by their short- and long-
chain branching topography: high-density polyethylene
(HDPE; Natta 1963; Ziegler 1963) produced in a cat-
alytic process having no or very little side chains,
low-density polyethylene (LDPE; Fawcett et al. 1937)
produced in a high pressure process having many
short- and long-chain branches, and linear low-density
polyethylene (LLDPE) being produced like HDPE but
with comonomers added leading to many short- but
no or very few long-chain branches. The development
of metallocene catalysts (Brant et al. 1994; Lai et al.
1993) led to the large-scale production of well-defined
polyethylenes with a narrow molar mass distribution
(My/ M, = 2) in combination with co-catalysts such as
methylaluminoxane (Sinn and Kaminsky 1980).
Metallocene catalysts have the ability to polymerize
not only short vinyl-terminated chains but also longer
a-olefins, which the older and less defined Ziegler—
Natta or Chromium catalysts (Natta 1963; Ziegler
1963) cannot. This enables them to reincorporate
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vinyl-terminated polyethylene chains into a growing
chain and, thus, to form long-chain branches, which
has proven to improve the processing properties of this
material class significantly (e.g., Miinstedt et al. 2005).
As a general rule, it can be said that the higher the long-
chain branching content, the higher is the strain hard-
ening; thus, the better is the processing of elongation
dominated processes (Hepperle and Miinstedt 2006;
Meissner 1969; Meissner and Hostettler 1994; Meissner
et al. 1982; Miinstedt et al. 2005; Stadler et al. 2009;
Stange et al. 2005).

Besides the positive influence on the processing
properties, long-chain branches also distinctly increase
the activation energy, if an Arrhenius-type behavior
dominates (Carella et al. 1986; Lohse et al. 2002). A
WLF-type temperature dependence stays unaffected
by the chain architecture, however (Hepperle et al.
2005; Kapnistos et al. 2005).

In polyethylene, it has been reported that long-
chain branching leads to thermorheological complexity.
Jacovic et al. (1979), Laun (1987), Rokudai and Fujiki
(1981), Verser and Maxwell (1970) found for LDPE
that the activation energy of the viscosity function n (y)
decreases from about 57 kJ/mol to about 30 kJ/mol at
the highest shear rates, while HDPE shows a constant
activation energy as a function of y. This finding was
recently confirmed by KeBner et al. (2009).

Based on the observation that the viscoelastic data
of LDPE cannot be shifted to a master curve along
the time/frequency axis alone, Mavridis and Shroff
(1992) developed the concept of a vertical shift (a shift
along the modulus axis), from which they calculated a
vertical activation energy E,. This is possible, because
the shape of the viscoelastic functions as a function of
angular frequency is independent of the temperature
and only shifted along the modulus axis.

However, the physical background of such vertical
activation energy was neither given by Mavridis and
Shroff (1992), except that it will lead to a change
in the entanglement molar mass M., nor is it logi-
cal from a physics point of view. The Arrhenius law
(1916) can only describe temperature dependencies of
a characteristic time, rate, or frequency. Hence, it is not
possible to apply a time—-temperature-dependence law
to modulus-temperature-dependence, as a modulus—
a priori—does not have a time component (however,
this does not mean that a modulus has to be time-
independent). Hence, the vertical activation energy Ey
calculated from a modulus shift lacks any physical back-
ground.

For long-chain branched metallocene catalyzed PE
(LCB-mPE), Wood-Adams and Costeux (2001) and
Stadler et al. (2008) found that this class of poly-
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mers cannot be shifted onto a master curve by a two-
dimensional minimization, as the shape of the vis-
coelastic functions, especially G’'(w), §(w), and §(|G*|),
are temperature dependent. Stange et al. (2007)
found a very similar behavior for slightly long-chain
branched THV, essentially a semi-fluorinated ethylene-
propylene copolymer, whose long-chain branching
topography is similar to LCB-mPE. Hence, this simi-
larity indicates a generality for the influence of long-
chain branches on the thermorheological behavior of
materials with an Arrhenius temperature dependence.

The analysis of the thermorheological complexity
in LCB-mPE was performed by determining the shift
factors as a function of modulus Wood-Adams and
Costeux (2001) and relaxation strength (Stadler et al.
2008) using a special method for the calculation of
relaxation spectra allowing for a greater mode den-
sity than in conventional spectra calculation routines
(Kaschta and Stadler 2009).

Resch et al. (2009) found for LCB-mPE using creep
and creep recovery tests that the thermorheological
complexity is not only present in dynamic-mechanical
tests but also in this—rather rarely used—experimental
mode. While the creep compliance can be used rel-
atively well to create a master curve, which fits the
long time but not the short time data sufficiently, the
creep recovery compliance J,(f) cannot be used for
a master curve at all. Instead, it was found that the
terminal value of the creep recovery compliance, the
steady-state elastic recovery compliance J° decreases
by a factor of up to 5 with increasing temperature. For
LDPE, this effect is smaller, while for linear PE, Jg is
constant within the experimental accuracy. Hence, J? is
related to the thermorheological behavior as well and
can be used as an indicator for it.

These findings seem to be highly confusing at a
first glance. This article will shed some light into this
rather complicated issue based on the interpretation
of relaxation spectra to gain some insight into the
branching architecture and how it correlates with the
thermorheological behavior. The ultimate aim is to
establish an overview how different kinds of molecular
architecture in PE differ in their architecture, which
then can be used in the future to tailor new grades to
specific behavior.

Experimental

The data used in this paper were partially published
previously by KeBner et al. (2009), Resch et al. (2009),
Stadler et al. (2005, 2007, 2008), Stadler and Miinstedt
(2008a).
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Creep and creep-recovery tests were performed to
determine the zero shear-rate viscosity 17 from the
creep compliance J(#') by

t/
log no = l/li)rglo <log <7>> . (1)

The linear steady-state elastic compliance J° was de-
termined from the elastic (creep-recovery) compliance
J; (1) by

JO = , Il/i_r)noo J. (). (2)

The linearity and stationary was ensured for all creep
and creep-recovery tests (for the precise methods and
further experimental requirements to properly perform
such tests see Gabriel et al. 1998). Typically creep
stresses 7 between 2 and 50 Pa were applied depending
on the viscosity of the sample. Examples of creep and
creep-recovery tests are given in Fig. 1. For very long
creep times, the creep compliance reaches a constant
slope of 1, which is equal to a plateau in #/J (Eq. 1).
At very long recovery times, the elastic recoverable
compliance J,(f) reaches a plateau, which is the linear
steady-state elastic compliance J?.

The relaxation spectra were then calculated from the
combined data of frequency sweeps and creep-recovery
tests (Kaschta and Schwarzl 1994a, b) using the method
of Stadler (2010), Stadler and Bailly (2009), which was
developed partially based on the method of Kaschta
and Stadler (2009) to yield an even greater precision.

101 9) 0
] —0———LB1 (=10 Pa

10'2-5

J,J. [Pa]

T = 150°C 3

:"'I AL LR LLLY L B L B LLLY B

102 10" 10° 10 102 10°  10* 10°
tl’ t [S]

Fig. 1 Examples of the creep and creep-recovery tests for

sample LB 1
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Results
How can thermorheological complexity be detected?

For determining thermorheological complexity,
different practices are known from literature. The most
common method is the temperature superposition in
the time or frequency domain of rheological quantities.
G'(w) and G"(w) are mostly used for the analysis in
literature.

However, the detection of thermorheological com-
plexity from the master curves of G'(wxar) and
G’ (wxar) is not always easy, as small differences may
be masked by the large scale of the plot (see Fig. 2).
Figure 2b shows that a shift based on the region around
the crossover leads to a small deviation in the terminal
and the high frequency regime, which, however, re-
quires very good experiments and a very wide range of
angular frequencies (5-8 decades in frequency at four
temperatures or more). Both conditions, however, are
rarely fulfilled in literature, as the standard is rather 3—4
decades in frequency at 3 temperatures.

When only looking at the angular frequencies w
between 628 and 0.1 s~!, almost no thermorheological
complexity is present in the logarithmic plots (Fig. 2a,
b). The data in Fig. 2b was shifted to form a “pseudo-
master curve” by global minimization.

A linear plot of G'(w) (Fig. 2¢, open symbols) and
G"(w) discussed by Stadler et al. (2008) previously,
highlights the thermorheological complexity somewhat,
but is not totally satisfactory.

A clear disadvantage of the linear plot is that the
thermorheological complexity might be hidden when
choosing shifting with a high priority on the high
frequencies (or moduli). This is demonstrated in the
shifted curves of Fig. 2c (filled symbols), where the shift
factors were optimized for the highest moduli of around
4 x 10° Pa, instead of 10° Pa, i.e., around w,. (please
note that for the sake of clarity the 2 x 10° Pa was
added to the value of G'(w)). In this case, an almost
perfect master curve is obvious. Hence, using the linear
plot is only useful when shifting to obtain a perfect fit
at the low frequencies or using a global minimization on
logarithmic scale, as this will make differences between
different temperatures larger at the high frequencies.

For this reason, G'(w) and G”(w) are not the best
choice for analyzing a thermorheological complexity.
Furthermore, detecting a thermorheological complex-
ity might not be easily possible, if the deviation from the
simple behavior is small. Hence, more suitable linear
viscoelastic quantities are discussed in the following.

van Gurp and Palmen (1998) proposed the plot of
the phase angle as a function of the absolute value of
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Fig. 2 Complex moduli functions G’'(w) and G”(w) for LB 1.
a unshifted, b G'(w) and G”(w) shifted by the best fit around
G'(w) and G”(w) ~ 10° Pa (around w.), ¢ linear plot of
G'( w) (open symbols) shifted by the best fit around G’(w) and
G"(w) ~ 10° Pa (around w,) and shifted by the best fit around
G'(w) and G"(w) ~ 4x10° Pa (filled symbols and shifted by
adding 2x10° Pa to G'(w))

the complex modulus |G*| (§(|G*|)-plot), which proved
to be very sensitive for the detection of thermorheolog-
ical complexities and is, thus, also used in our analysis

regularly. However, no information on the activation
energy can be obtained from the §(|G*|) plot, because
none of the quantities has a time dependent compo-
nent, i.e., a component with time in the physical unit.

However, this apparent disadvantage is its biggest
strength; because of the absence of the need to shift, the
question whether the material is thermorheologically
simple or complex can be answered without any—
potentially error afflicted—data manipulation.

The data from frequency sweeps were used in Fig. 3
for plotting the phase angle 4 as a function of the
absolute value of the complex modulus |G*|—the
3(|G*|) plot.

In Fig. 3, it is shown that for the linear mLLDPE,
the curves measured at different temperatures merge
on one single curve indicating thermorheological sim-
plicity. For LB 1, the §(|G*|) plots differ significantly
from the linear samples, and also for all temperatures,

a T T T T T
E -
w
—m——e— —A— ]
1—e——e— —a— —e—190°C
20 Tt L | T T
10? 10° 10
IG*l [Pa]
T T T T T T T T T T T T
b ] e L6 LB1LDPE1 LDPE2 ]
] % —m——e— —4— ——130°C|]
1 i\ o0 A 0 150°C |1
102 " —m——e— —4— —&—170°C ]
] " —a——6— —a— —6—190°C |]
2 104 3
Y ] ]
10°4 E
T T T T T T
10 107 10° 10 10° 106

IG* [Pa]
Fig. 3 §(|G*|) plots and tand(|G*|) plots measured at different

temperatures a §(|G*|) plots of L6, LB 1, LDPE 1, and LDPE 2,
b tand( |G*|) plots of L6, LB 1, LDPE 1, and LDPE 2
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the shape is different. This is a strong evidence for
long-chain branching and thermorheological complex-
ity. Figure 3a also shows the §(|G*|) plots for LDPE 1.
The curves of the LDPE are similar in shape, but they
do not merge onto one single curve. Instead they are
shifted along the |G*| axis (KeBner et al. 2009). This
indicates another type of thermorheological complexity
than the one found for LCB-mPE. A similar behavior
for LDPE was found by Mavridis and Shroff (1992).

Figure 3a shows the data of both LDPE 1 and 2 (for
the sake of distinguishability, the |G*| data of LDPE 2
was divided by 2), which are very similar in their char-
acteristics despite a factor of A8 in their n¢ and a very
high difference in molar mass M,, as well. The similarity
of the rheological data in linear viscoelastic shear is a
general property of LDPEs (Stadler et al. 2009).

Based on Fig. 3a, three different types of thermorhe-
ological behavior can be observed for normal poly-
ethylenes. The linear PEs are thermorheologically sim-
ple, i.e., a master curve can be created without any
problems by shifting the data along the time or fre-
quency axis. In the §(]|G*|) plot, this behavior is obvious
as an overlap of the curves at all temperatures within
the experimental accuracy.

The LDPEs show approximately the same shape in
their viscoelastic functions, best observable in §(|G*|),
but shifted along the modulus axis. An increase of the
temperature leads to an increase of the modulus, which
can be observed as a shift to the right in Fig. 3.

The most complex thermorheological complexity
pattern is found for the LCB-mPE. These samples
show an agreement of §(|G*|) at high moduli. As
soon as §(|G*|) deviates significantly from the linear
LLDPE (for PE, this is typically the case around |G*| =
200,000 Pa), the shape of the viscoelastic functions are
distinctly different. In all cases reported (Stadler et al.
2008, 2010; Wood-Adams and Costeux 2001), § reaches
a lower minimum or shoulder when decreasing the
temperature.

Figure 3b shows the same data plotted as tans(|G*|).
The data in these plots show the thermorheological
complexity of LDPEs and LCB-mPEs in a slightly
different manner. The data of LCB-mPE do not con-
verge at low |G*| like in the §(]|G*|) plot, which is the
consequence of tand showing small differences at high
3 better than § itself. Instead they run in an almost
perfectly parallel fashion for |G*| < 30,000 Pa.

This difference in § vs. tan$ is also the reason why the
mLLDPEs apparently are thermorheologically com-
plex, which, however, is due to experimental inaccuracy
as can be seen from the fact that the deviations at high
tand are not systematic. The reason for these deviations
lies in the fact that the apparent thermorheological
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complexity corresponds to experimental errors around
40.2°, which are largely enhanced due to § being close
to 90°.

The differences between the §(|G*|) and the
tand(|G*|) plots for LDPEs are minimal, as the sig-
nificant effects occur at § < 45°, where the difference
in the shape due to the tangent function is rather small.

Trinkle et al. (2002) defined the characteristic point
pc in the §(]G*|) plot as the intercept between the
tangents laid through the tangents on both sides of the
additional curvature of §(|G*|). Figure 3a shows this
definition for LB 1 measured at 130°C, where the -
symbol marks p..

G.—the x-coordinate of p.—mainly depends on the
molar mass of the different sections of the branched
molecules (e.g., the backbone and the long-chain
branch length) (Stadler and Karimkhani 2011).

For the further analysis of the rheological data espe-
cially of long-chain branched samples, the critical phase
angle §., the y-coordinate of p., is widely used as an
indicator of the level of long-chain branching. Recently,
a correlation between 8. and a characteristic number of
long-chain branches per molecules was established for
LCB-mPE (Stadler and Karimkhani 2011). §. will be
intensively discussed later in this paper.

Besides these plots, also a Cole—Cole-plot (G'(G”);
Cole and Cole 1941) would be possible for the de-
tection of the thermorheological complexity (Fig. 4).
However, due to the large range of G'(w) and G"(w),
the differences are small (the deviations are in the
same range as the deviations for the apparent master
curves (Fig. 2b)); thus, the plot is not very sensitive.
For this reason, the use of this plot for the detection
of thermorheological complexity is not recommended.

A
LU e R e e R e

10® 10% 10" 10° 10" 10® 10® 10* 10° 10°

G'[Pa]

Fig.4 Cole—Cole plot of LB 1
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How can the thermorheological complexity
be analyzed?

Basically, there are two ways to do this.

1. The thermorheological complexity is analyzed as
a deviation in a plot of a rheological quantity as
a function of another quantity, which might be
normalized. The best plots for this purpose are
the 8(|G*|) plots aka van Gurp-Palmen plots (van
Gurp and Palmen 1998). Cole—Cole plots in com-
parison are significantly less sensitive and, there-
fore, not recommended (Cole and Cole 1941).

2. The analysis is carried out via a piece-wise time—
temperature superposition. This means finding the
shift factors for a constant value of the shifted
quantity (G'(»),G(t),H(7), ...).

These two methods will be compared in the following.

Deviation method

This method consists of finding the degree of deviation
between data at two temperatures for a given x-value,
e.g., the magnitude of the complex modulus |G*|. In
Fig. 5, the deviation in § in the §(|G*|) plot at |G*| =
10,000 Pa is used, which shows that the deviation is
roughly linear as a function of temperature yielding a
difference in § of 3.7° between 130°C and 190°C. When
performing the same analysis at |G*|=1, 000 Pa, the
difference is only 2.6°.

This clearly shows that there is a significant problem
about this method. The deviation depends on the two

85 T 7 T T T T LN DL B B LR B |
] — 80 B
80 X 7571 | -X-1G*I1=10000 Pa | T
e % 70 ~¥-1G*1= 1000 Pa | ]
i N\ % 65—- /X/X_
75 \\\ Ix—X ]

[ ] : e A 60 LI DL L B LA L |
2 1 \\_.\ 130 140 150 160 170 180 190]
[Ze}) A

T[°C] ]

\*. ’
S5 Ip—Tree ™~ ‘ .\_\ ]
—e— 150°C ~ e s ]
1|+ 170°C Tt
60 v 100°C \'1
10° 10*

IG*1 [Pa]

Fig. 5 3(|G*|) plots measured at different temperatures for LB 1

temperatures and on the position (e.g. |G*|) taken for
comparison.

When taking another plot, e.g., a pseudo-master
curve of G'(w), the additional complication is that
at(T;Ty) has to be chosen for the best fit at an arbitrary
point, which means that the result depends on yet
another variable, the modulus G’, at which ar(7T;Ty)
was chosen to make the best fit. When using a global
minimization of G'(arXw), roughly the same result
will be the case, only that no G’ can be defined, at
which art(T;T,) was taken but an average, measure-
ment interval dependent value. Hence, using the de-
viation method for plots involving a time-shift factor
(at(T;Ty)) is scientifically unsound.

In summary, it is concluded that the deviation
method can give some qualitative insight. In general,
it is useful to state that in the temperature range mea-
sured a maximum deviation of x° in § is found (de-
termined from the §(]|G*|) plot). Typically a systematic
deviation of at least 1° has to be found to call a material
thermorheologically complex.

Piecewise time—temperature superposition method

The basic principle of the piecewise time-temperature
superposition method is to not globally find shift factors
but to find angular frequencies w, relaxation times t,
or measurement times ¢, at which a constant value of
the modulus (G'(»),G” (w), G(t)),' phase angle (§(w))
or relaxation/retardation strength (g(t), H(z) (Fig. 6b),
L(1)) is obtained. This principle was first described by
Carella et al. (1986) for hPBd, for LDPE and HDPE
by Laun (1987), and for mPE by Wood-Adams and
Costeux (2001).

Figure 6a shows the relaxation spectra of L6-2, an
mLLDPE without long-chain branches, while Fig. 6b
shows the same plot for LB 4, an LCB-mLLDPE. It
is obvious at a first glance that the relaxation spectra
of the linear mLLDPE 16-2 (Fig. 6a) look very much
alike, which is a good indicator of thermorheological
simplicity, while the spectra of the LCB-mLLDPE
LB 4 (Fig. 6b) clearly diverge with increasing relaxation
time 7, which means that this sample is thermorheolog-
ically complex.

Figure 6c shows the relaxation spectra of LDPE 1,
which are very similar in shape, but they do not agree
to each other when shifting them onto each other. The

I Although it has not been attempted to our knowledge also
the complex compliance functions (J/’(w), J”(w)) or the relax-
ation modulus G(t) should lead to the same result. Resch et al.
(2009) showed that the thermorheological complexity also exists
forJ(¢t)and J,(¢).
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Fig. 6 Relaxation spectra of a mLLDPE L6-2, b LCB-mLLDPE
LB 4,and ¢LDPE 1

offset was previously discussed by KeBner et al. (2009)
and is given in a different form in Fig. 3.

Figure 7 gives the storage moduli of B13P, a metal-
locene catalyzed long-chain branched ethene—propene
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Fig. 7 Plot of the storage modulus G’(w) of B13P

copolymer (LCB-mLLDPE). It is obvious that the
shape of G'(w) changes as a function of tempera-
ture; hence, the shift at high G'(w) is lower than at
low G'(w).

The differences become even more obvious when
comparing the Arrhenius plots of a thermorheologi-
cally simple material (in this case mLLDPE F18F) and
a thermorheologically complex sample, such as LCB-
mLLDPE B13P (Fig. 8), calculated from the spectrum.
The shift factors determined at different relaxation
strengths of F18F show the same slope—and, thus, the
same activation energy (Fig. 8 top)—while a decrease
of the relaxation strength in B13P leads to a higher
slope (Fig. 8 bottom).

The activation energy E, of F18F of approximately
37 kJ/mol is very high for a PE without long-chain
branches. Stadler et al. (2007) established that the ac-
tivation energy E, of mLLDPEs scales linearly with
the side-chain content. Although F18F does not have a
very high molar level of short-chain branching, the high
length of the short-chain branches (C18) leads to a very
high side-chain content, for which the E, ~ 37 kJ/mol
is exactly the expected value.

However, not all rheological quantities react identi-
cally to thermorheological complexity. While it is obvi-
ous that the scaling of § on one hand and the moduli
and spectra on the other hand are different due to their
different physical units, pronounced differences are
found when comparing different rheological quantities.

For B13P, for example, the following activation
energies were determined E, (G’ = 300 Pa) =
38.3 kJ/mol, E, (G”" =300 Pa) = 33.4 kJ/mol, and
E, (H =300 Pa) = 39.5 kJ/mol. For the frequencies,
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Fig. 8 Arrhenius plots of
F18F (top) B13P (bottom) at
different values of g(7)
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at which G’ = 300 Pa, the activation energy determined
from 8 (at ~77°) is around 50 kJ/mol.?

For this reason, it is always important to not only say
that the activation energy was determined at a certain
point, but also which variable was used for this purpose.

When plotting the activation energies determined at
different values of G’, G”,|G*|, §, and H as a function of
that quantity, this becomes even more obvious, as sig-
nificant differences are found (e.g. shown for LDPE 3
in Fig. 9). In general, at high G’,G”, |G*|, and H a lower

2The activation energy E, determined from § cannot be stated
exactly, as the value of 300 Pa occurs at different angular frequen-
cies for G’(w), G”(w) and H(t). The value given represents an
average of the activation energy around the frequency at which
G’(w)= 300 Pa and H(t)= 300 Pa.

activation energy is found, which then approaches a sat-
uration value in the terminal regime (low G, G”, |G*|,
and H). As KeBner et al. (2009) reported, for LDPE,
E,(8) is roughly constant. However, as will be shown
later, this is not true for LCB-mPE. The dependence
of E,(8) on the molecular architecture is discussed in
detail by Kefiner and Miinstedt (2010).

Why are the activation energy spectra different
for different for different rheological quantities?

Figure 9 clearly demonstrates that the activation energy
spectrum depends on the rheological quantity used for
its determination.

This raises the question, as to why evaluating
G'(w),G"(w), |G*|(w), and H(t) piecewise for the de-
termination of the activation energy spectrum lead to
different values.
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Fig. 9 Activation energy E, determined by piecewise time-
temperature superposition as a function of the values, for which
these were determined (G’, G”, |G*|, §, and H). Data partially
adapted from KeBner (2010)

To explain this visually, the relevance factors defined
by one of us earlier (Stadler 2010) are discussed. The
relevance factors r'(w,7) and r’(w,t) are the fingerprint
of the spectrum and show which relaxation time t
contributes to which extent to the G’ or G” at a given
frequency w, respectively. It was found that the most
convenient representation of these data is a contour
plot, where a higher importance of a certain t for a
certain w is represented by a darker gray.

Figure 10 shows the relevance factor plots with the
activation energies for H( t), G'(w), and G”(w) added
as numbers with vertical and horizontal lines, respec-
tively. It is obvious from this representation that the
activation energy of the spectrum at the most relevant
(=darkest) region along a green, horizontal line deter-
mines the activation energy most, although also the less
relevant relaxation modes contribute.?

It is clear from a comparison of Fig. 10a and b
that G’(w) depends primarily on much longer re-
laxation modes than G”(w). As the longer relax-
ation modes have a higher activation energy, G'(w)—
consequently—also has a higher activation energy than
G"(w), which explains the finding of Fig. 9 of G”( w)
having a lower E, than G'(w).

The similarity of E,(G”) and E,(|G*|) is easily ex-
plained by the fact that at high moduli (>high ) the

3Please note that the lines are not equidistant as they were
determined at constant relaxation strength or modulus, while
Fig. 10 plots frequency and relaxation time.
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Fig. 10 Relevance factor plot for LDPE 2 at 150°C. The red
numbers with vertical lines stand for the activation energies E,
determined from H, the green numbers with the horizontal lines
stand for the activation energies E, [kJ/mol] determined from G’
(a) G” (b), respectively. ar'(w,7), b r"’(w,7)

activation energies for G'(w) and G”(w) as well as for
H(7) are almost identical. At low frequencies (low
|G*[(w)), G'( w) is much smaller than G”(w); hence, the
latter dominates |G*|(w) and, therefore, also E,(|G*|).
The same behavior is also expected for E,(|n*]).

Deciding which variable is the best to determine
the activation energy is not obvious, however, the re-
laxation spectrum (or the retardation spectrum) offers
the best chances to get an insight into the molecular
mechanisms.

The reason for that is that the relaxation spectrum
H(7) is the material function, from which all other
rheological quantities can be derived. This method will,
therefore, lead to structure relevant activation ener-
gies. This method was proposed by Wood-Adams and
Costeux (2001) and Stadler et al. (2008).
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Fig. 11 Activation energies E, determined from relaxation
spectra for different relaxation strength H. No modulus shift
factor b was taken to determine E,

Thermorheological behavior and its relation
to the molecular structure

For all characteristic relaxation times, an Arrhenius
equation holds for describing the temperature depen-
dencies. Figure 11 shows the activation energies E, as
a function of relaxation strength H. When determining
the shift factors from “iso relaxation strength slices”,
self-evidently, a modulus/relaxation strength shift (bt)
to improve the quality of the “master spectrum” is not
possible. In this way, the methods of modulus shifting
(KeBner et al. 2009) and of determining the activation
energy spectrum (Stadler et al. 2008) compete with
each other.

The linear mLLDPE show constant activation ener-
gies, as the shape of the spectra is the same for all tem-
peratures. This explains the thermorheologically simple
behavior and thus the independence of temperature for
JO. The activation energies of L6 and L6-2 are 37.7
and 34.6 kJ/mol, respectively. This is in agreement with
literature (Kim et al. 1996; Stadler et al. 2007; Wood-
Adams 1998).

For the LCB-mLLDPE, the activation energies in-
crease with decreasing relaxation strength from approx-
imately 40 to 54 kJ/mol for LB 1 and to 57 kJ/mol for LB
4. Within the measured temperature regime, different
shift-factors have to be applied for different regimes of
the spectrum and the materials behave thermorheolog-
ically complex.

The LDPE has constant activation energies in the
terminal regime at low relaxation strengths where the
spectra have the same shape. In this regime, the ma-
terials behave thermorheologically simple and J? is

independent of temperature. But for high relaxation
strengths, a decrease in activation energy is found
that indicates a thermorheological complexity in the
rubbery plateau. For LDPE 1, this behavior is more
pronounced than for LDPE 4. A terminal activation
energy of 62 kJ/mol was determined for LDPE 1 and
of 70 kJ/mol for LDPE 4.

Difference in the thermorheological complexity
of LCB-mPE and LDPE

Based on above results, especially concerning the ac-
tivation energy spectrum, one might argue that there
is no difference in the thermorheological complexity of
LCB-mPE and LDPE; however, this apparent finding
only holds as long as the activation energy is deter-
mined from the spectrum or the modulus functions.

However, as KeBner et al. (2009) demonstrated, the
thermorheological complexity can be eliminated when
introducing a modulus shift factor b. To demonstrate
this in the spectra, the ratio of the relaxation spectrum
at T = 150°C and 190°C, was shifted to 7o = 150°C
using the shift factors ar determined from §(w). In
case of LB 1, E, = 40 kJ/mol was taken, which is the
activation energy around w.. Figure 12 shows that the
shape of the spectrum is approximately constant for
the LLDPE L6-2 and LDPE 1. However, unlike for
the LLDPE the ratio between the two temperatures
for the LDPE is not 1 but approximately 1.4. In other
words, the LDPE-spectra can be used to create a master
spectrum, if a proper shift factor b is used.

This is the same shift factor b1, which KeB3ner et al.
(2009) defined via the ratios of the steady-state elastic
recovery compliances J¢ (T). Thus, evidence is supplied

106_= AL LR RLLLL B LLL, L LLLL IR LLLL, IR LLLL BRI LLL B ""'"I_=
105_; ...... -
] global mismatch ]
10“-E can be corrected by bT)_E
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T 3 ——190°C E
,1 L6-2
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Fig. 12 Comparison of shifted spectra of LDPE 1, L6-2, and
LB1
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that the modulus/compliance/relaxation strength shift
concept of KeBner et al. (2009) (which was originally
postulated by Mavridis and Shroff (1992) in a different
fashion) is correct for LDPEs.

The shape of the LCB-mPE LB 1-spectrum, how-
ever, shows that neither by =1 (thermorheological
simplicity) nor a constant bt (LDPE-type thermorhe-
ological complexity) will lead to an acceptable mas-
ter spectrum. At short relaxation times, the 190°C
spectrum is located at higher relaxation times than of
the 150°C spectrum, although the 190°C spectrum is
shifted. At long relaxation times, the 150°C spectrum
is located at higher relaxation times than the 190°C
spectrum.

From the relaxation spectrum, the steady-state elas-
tic recovery compliance J? is defined as

[ H(r) 7%*d Int
Jo=2 5 (Ferry 1980). (3)

<7>H (r) - t2d lnr)
0

For including temperature dependence into this equa-
tion, the “time” shift factor a1 and the “modulus” shift
factor bt have to be introduced into Eq. 3 as

[brH (ar7) - (art)*d Int
0

- 2
(f rH(art) -art d lnt)

0

H -12d 1
@b Of (t) - t2d Int

2
T
2
7b

T
2
T

- 2
<f H(t) 12 lnr>
0

f H(t) - 7%d Int
; 5 4)
(f H@)-td lnr>

1
br

This simplification is only possible because at and bt
are defined as constants. Hence, they can be extracted
from the integral and the fractions can be reduced. The
direct effect of this is that a global bt can be deduced
from the ratio of the values of J? at different tempera-
tures, which is exactly what KeBner et al. (2009) found
using a different approach.

Alternatively, also other definitions for the “modu-
lus” shift factor bt would be possible, such as the mod-
ulus at the crossover frequency w.. Such a definition
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would lead to the same bt within the experimental
accuracy.*

Discussion
Possible explanations for the modulus shift of LDPE

The question is why LDPE has such temperature de-
pendence involving a modulus shift. An effect, which
could cause that behavior, is an effect related to the
geometry of the rheometer such as an imperfect com-
pensation of the thermal expansion or temperature
dependent plate adhesion. Careful experiments (e.g. by
KeBner et al. 2009) and also the common sense safely
rule out this possibility.

KeBner et al. (2009) convincingly demonstrated that
a possible density change would have to be so unusually
large that it cannot be responsible for this type of
behavior. All facts discussed by KeBner et al. (2009)
and here, however, clearly show that the vertical shift
applies to the whole measured curve including the
plateau modulus GY;.

This implies another explanation: As G%, and the
entanglement molar mass M. are closely linked to each
other, a strong temperature dependence of M. could
be made responsible for the modulus shift as well. Such
a change in M., however, would not only shift G(z)v
but also the number of entanglements on a chain. As
LDPE is long-chain branched, this would mean that
some unentangled side chains would suddenly behave
as entangled ones when increasing the temperature.
Such an effect would certainly change GY in the desired
fashion but would also lead to the lengthening of the
terminal relaxation time and, thus, would lead to an
LCB-mPE-type thermorheological complexity, which
clearly is not the case. Furthermore, it would also lead
to a temperature dependence of the strain hardening,
while this quantity was found to be temperature inde-
pendent (Stadler et al. 2009).

Another possibility for explaining the anomalous
temperature dependence of LDPE could be found
when reminding that, typically, the short-chain branch
(SCB) content increases with growing molar mass M
(Shirayama et al. 1965). PE with different SCB con-
tents, however, are only partially miscible so that we,
a priori, have to understand LDPE as a partially phase

4Equation 4 also allows for a very simple proof that JO is temper-
ature independent for linear PE (e.g. LLDPE). One simply has
to assume that bt is equal to unity over the whole temperature
range. Then J? is independent of temperature, no matter how
large ar is.
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separated system. Additionally, it has to be considered
that LDPE also has a large gradient in LCB content,
which further fosters the phase separation. As such a
phase separation is driven by enthalpy and entropy, it
must have a temperature dependence. A mechanical
strain cannot be transported across a phase boundary
easily, because the phase boundary is much weaker
than the bulk material. A temperature dependence
of this phase separation process would change the
strength of the phase boundary and, thus, lead to a
modulus shift without changing the spectrum in a mea-
surable way in its shape.

A closely related effect could also be that the low
molecular oligomers, which make up a sizable portion
of LDPE (after all M, of a typical LDPE is in the order
of 10 kg/mol), could tend to phase separate more at low
temperatures and, thus, form low molecular slip layers,
which are responsible for the lower moduli at low 7.

This effect could be related to the refining effect
of highly branched polymer melts (mostly LDPEs)
reported previously (Breuer and Schausberger 2011;
Miinstedt 1981; Rokudai and Fujiki 1981; Stange et al.
2005). The refining effect is the change of the rhe-
ological properties by applying a strong mechanical
deformation in a physical way. The proof of the physical
(and not chemical) nature of this effect was conducted
by dissolving the extruded material, which returns
the original properties. One explanation was that the
entanglement structure is changed. However, besides
that, also a possible partially phase separated structure
will be strongly affected by an intensive mechanical
treatment.

Although the partial phase separation and the re-
lated refining effect are very plausible explanations for
the effect, they cannot be proven with any method
known to the authors.

Thermorheological complexity in LCB-mPE
and temperature dependence of J?

Thermorheological complexity in LCB-mPE and the
temperature dependence of J? become logical when
taking the correlation between the ratio of the real
zero shear-rate viscosity to the zero shear-rate viscosity
expected from molar mass 7¢/ n})i“ and the critical phase
angle §. into account (Stadler and Karimkhani 2011).
It was already postulated by Stadler et al. (2008)
that a relaxation spectrum of an LCB-mPE can be
deconvoluted in a linear and a long-chain branched
part of the spectrum. The linear part is faster and
has higher relaxation strengths, while the long-chain
branched one is very slow and has lower relaxation
strength. Therefore, LCB-mPE can be considered to be

a blend of linear and long-chain branched chains with
the long-chain branched fraction being predominantly
made up of star-like chains. Depending on the degree
of long-chain branching, the ratio of the two fractions
vary; typically, 50% or more of the chains are linear.
For an LCB-mHDPE with M,, = 100 kg/mol and M, =
50 kg/mol, an average degree of long-chain branching
A =2.8 LCB/10,000 Monomer has to be present in
order to have 0.5 long-chain branches per molecule.’

Miinstedt et al. (2006) clearly showed the connection
between long-chain branching and processing behavior
in elongation dominated operations (film blowing, blow
molding, ...). Gabriel and Miinstedt (2003), however,
showed that while the low degree of long-chain branch-
ing has a significant influence on the shear rheological
behavior, the strain hardening levels of LCB-mPE are
significantly below the levels found for LDPEs, which
means that their processing behavior is somewhat bet-
ter than for normal mLLDPE or (Ziegler-Natta) ZN-
LLDPE, but that the very good processing behavior in
such elongation dominated processing properties is still
significantly worse than that of classical LDPE:s.

The different branching topography of LCB-mPE
and LDPE also leads to differences in the strain rate
dependence of the strain hardening. LDPE has a very
high level of strain hardening at high strain rates,
while LCB-mPE is predominantly strain hardening at
low strain rates, close to the Newtonian regime. This
difference makes LDPEs more suitable for processes
where fast elongational deformations occur, e.g. film
blowing, foaming, or fiber spinning, while LCB-mPE
are more suitable for preventing sagging due to gravity
and slow extensions, occurring for example in blow
molding (Miinstedt et al. 2006). This difference can
be explained by the spectrum of LB 1 (Fig. 13),
which shows that the long-chain branched molecules
are mainly visible at longer relaxation times for LCB-
mPE and, therefore, can only lead to strain hardening
at slower elongation rates. For LDPE, the content of
linear chains is very small and the linear chains existing
are predominantly very low molecular (Tackx and Tacx
1998). Hence, long-chain branched chains dominate the
experimental range accessible by rheology.

Figure 13 shows the linear reference spectrum
(Stadler and Mahmoudi 2011a) in comparison to the

SThis would correspond to a linear fraction of 50%, when as-
suming that this LCB-mHDPE is only a mixture of linear chains
and 3-arm stars. However, in reality there will be also higher
branched chains, which means that the linear fraction is larger
than 50%. This degree of long-chain branching is typical for LCB-
mPE with molar masses around M,, = 100 kg/mol (Stadler and
Karimkhani 2011).
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Fig. 13 Relaxation spectrum of LB 4 and the linear reference
normalized to the characteristic relaxation time

spectrum of LB 4 at 150°C. To correct for the molar
mass, the spectra were normalized to the characteristic
relaxation time Ay, determined from the molar mass
M,, according to the scaling law

Min = 8.4 - 101 M35, (5)

established for linear and short-chain branched poly-
ethylenes before (Stadler and Miinstedt 2008a; Stadler
et al. 2006), which is slightly comonomer content de-
pendent (Stadler and Mahmoudi 2011b).

For LDPE, such a separation into a linear and a long-
chain branched part of the spectrum cannot be per-
formed, as LDPE lacks a significantly entangled linear
fraction, which could be taken as linear reference.

Because of the separability of linear and long-chain
branched part of the spectrum, it is possible to simplify
the spectrum into a 2-mode spectrum, e.g., by using
two modes indicated by the asterisks in Fig. 13. gj;, and
gicb stand for the relaxation strength of the linear and
the long-chain branched mode, respectively, 7y, and
T1p for the corresponding relaxation times. This sim-
plification—although undoubtedly error afflicted (this
was previously discussed in the last section of Resch
etal. (2011)—running integrals }—means that the prob-
lem can be handled easily in an analytical manner.
Equation 3 can, therefore, be simplified into

2
7o 8lin * Tin 1 8leb * Tpe
e — 2"
(8tin * Tiin + &icb - Tibe)

(6)
The temperature dependence can be introduced as

Jg _ &lin - (aT,in + Tlin)2 + &icb - ((llec : Tlcb)z’ )

2
(glin ~ ATy, * Tin + &leb ATy, ° Tlcb)
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(glin * Tlin + 8lcb * ATy, ° Tlcb)

This simplification can be done as J? does not depend
on ar, and ar,,, but only on their ratio, determining
the ratio of 7y, and 7cp.

The temperature dependence of J? can then be mod-
eled assuming a given difference in activation energies
A E, between the linear and the long-chain branched
mode, which is in accordance with Stadler et al. (2008)
and also given in Fig. 11. The introduction of A E, leads
to areh (1) being defined as

AE, (1 1
art,, = eXp (2.303 : Ra (T - FQ)) > (10)

which leads to the temperature dependence of JO (T)
being describable by the equation

2
ottt 30556 (1 £)) )
‘]e (T) - N 1 ) 5.
(gnn'Tlin + 8icb -€Xp (2.303- == (7 — T(J)) 'Tlcb)
(11)

If we put realistic numbers into that equation (e.g.,
&iin = 200,000 Pa, 7y, =0.01 s, giep, = 1,000 Pa, and
71b = 10 s (at 150°C)), Eq. 11 leads to a temperature
dependence of J? exactly the way described by Resch
et al. (2009). Some examples for that are given in
Fig. 14. depending on the ratio of tjiy/T1cp and giin/gich
and AE, a more or less pronounced dependence of
JO(T) is found as well as realistic values of JO (Gabriel
et al. 2002; Gabriel and Miinstedt 2002).

An estimate of the realistic values of tj;; and 7)¢, can
be obtained from A (~1\) and A, (~ty,) (Stadler and
Miinstedt 2008b, ¢). The ratio of tj, and 7y is approxi-
mately independent of the degree of long-chain branch-
ing (Stadler and Miinstedt 2009), but—self-evidently—
depends on the temperature and can thus be obtained
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propriate approximation for the real situation (Fig. 13) \; B
as: R
14— 10"

2
Mo glin‘flin+glcb‘(exp (2-303'% (lT - %0)) 'Tlcb)

ngn &lin* Tlin

(14)

Using the same argument as for J?(7T) (Egs. 6-11),
also the zero shear-rate viscosity increase factor has a
temperature dependence (Fig. 14). Just like J?, no/nim
decreases with rising temperature, because the two
main relaxation modes move closer together. The direct
result of that is the suggestion that small amounts of
long-chain branches should best be detected just above
the melting temperature of the material, as the effect of
them will be the largest then.

The same effect of the reduction of the efficiency
of the long-chain branches with increasing temperature
can be also seen in the §(|G*|) plot, which has proven
to very sensitively react to small amounts of long-chain
branches. Figure 3 shows that the deviation from the
linear reference of LCB-mPE decreases with rising 7.
This is equivalent to an increase of the characteris-
tic phase angle §. with increasing 7. Because §, and
1o/ni™ are both quantifiers for the amount of long-chain
branching in an LCB-mPE, the conclusion is that the
efficacy of the LCBs also decreases with increasing T
using this quantifier. This becomes evident when know-
ing that §; and 7o/ ng“ are linked by empirical relations
through a linear relationship (Stadler and Karimkhani
2011). A high efficacy of long-chain branching leads to

an increase in 7/ ng“ and to a decrease in &.

100 120 140 160 180 200 220 240
T[°C]

Fig. 14 JO(T) and 1o/ ng“ (T) for several theoretical bidisperse
spectra with A E, = 30 kJ/mol. The exact values put into Egs. 11
and 14 are denoted in the legend of each subfigure

Summary

The thermorheological behavior of polyethylenes is
quite diverse and requires the knowledge of the
branching architecture and the temperature dependent
physics. Thus, this behavior is far from trivial and has
not been explained in detail yet.

The thermorheologically simple HDPEs and LLD-
PEs are rather easy to understand, while the two
different types of thermorheologically complex behav-
ior of LDPE and LCB-mPE make an explanation
rather hard.

LDPE shows a thermorheological complexity, which
can be compensated for by applying a modulus shift.
This modulus shift is stronger than the density compen-
sation. An explanation cannot be given with absolute
certainty. However, the most likely reason is a tem-
perature dependence of the miscibility of the different
molar mass fractions, which also differ in their SCB
content.

LCB-mPEs have a spectrum being essentially made
up of contributions of linear and long-chain branched
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chains, which have their own distinctly different ac-
tivation energy E,. The long modes, dominated by
branched chains and thus by a high E, move closer
to the faster modes of the linear chains. This changes
the width of the spectrum as well as its shape. Hence,
no master curve can be constructed. The consequence

of this is also a temperature dependence of §, J?, and
lin
n0/1g"

These different types of thermorheological behav-

ior for different molecular architecture open up the
possibility of using the temperature dependence of
the rheological properties as a probe to the molec-
ular architecture. The currently available data have
demonstrated the different types of behavior that are
encountered. The authors are certain that more in-
depth investigations will lead to a deeper understanding
of this relatively unexplored field. However, further
discoveries can best be expected from the use of model
polymers.
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