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ABSTRACT: To analyze the thermorheological behavior of various polyethylenes, the relaxation spectra were
shifted. Not only linear and short-chain branched PE but also the classical high-pressure LDPE were found to be
thermorheologically simple, i.e., the activation enekgys independent of the relaxation strength or the relaxation
time, respectively. However, for the long-chain branched metallocene catalyzed polyethylenes investigated a
significant dependence of the activation enekgyn the relaxation time is detected. At shorter relaxation times

E, is very close to that of linear PE, but it increases with longer times. The |&yvealues are assumed to be

due to linear molecules and the higher ones to different species of long-chain branched molecules. These findings
offer the possibility to use the analysis of the thermorheological complexity to get an insight into the branching
structure of polyethylenes. For the LEBnPE investigated, it can be concluded that they are a mixture of linear
and long-chain branched chains.

Introduction of a thermorheologically simple fluid no temperature dependence

The thermorheological behavior of melts has been an Of the function ofd(|G*]) should occur, while a thermorheo-
important issue since the use of polymers as engineering logical complexity should lead to a temperature dependence of
material. Besides its obvious practical relevance for processing, € shape 0b(|G*[).1:454¢ _
the thermorheological complexity offers the potential of a tool ~ AS an alternative method for the detection of a thermorheo-
to gain an insight into the molecular structure of polymers.  logical complexity Dealy and Larséhproposed, e.g., a linear

For linear and short-chain branched PE a thermorheological Plot Of the “apparent master curve” of the storage modulus
simplicity was found, which means that rheological data G'(&r x @). The thermorheological complexity shows up in this
determined at different temperatures can be shifted onto eachPlOt as a systematic disagreement between the shift factors at
other with respect to time to form a master curve. In such a different temperatures and different frequencies (cf. Figure 2b).
case the temperature dependence of the shift faeig¥s To) Gabriet characterized the thermorheological complexity by
for PE follows an Arrhenius-type dependence: measurements of the shift factar at different values of the

storage modulus§s’. Wood-Adams and Costelyublished a

Eal1 1 similar method but measureg at different values of the loss
ar (T, To) = exr{ﬁ ['T' N ?O ) @) modulusG" and additionally determined the shift factor from
a deconvolution of the relaxation spectrum.
whereE, is the activation energyR is the universal gas constant, The theory of rubber elasticity motivates a vertical modulus

ar(T, To) is the shift factor, T is the temperature of the  shift by = poTo/pT with p and po being the densities at the
measurement, ant is the reference temperature. The activation measuring temperatufe and the reference temperatufgon
energy of linear PE is found to be between 27 and 28 kJ/mol, the absolute temperature scale, respectively, but this shift is so
while slightly higher values of typically 3234 kJ/mol are small that it can hardly be measured, as pointed out in the
reported for linear mLLDPE-" An increase of the activation literature!® Therefore, no vertical shift will be applied.
energyE, was found with increasing short-chain branch (SCB) A higher activation energyE, in comparison to linear
content/~? Still higher activation energies (3%0 kJ/mol) for counterparts was found ftwng-chain branchegolypropylené®
long-chain branchednPE are reported in literatute.6.8.16-14 and thermoplastic fluoropolymet§.

The insertion oflong-chain branchesinto metallocene- The questions arising from the different thermorheological
catalyzed polyethylene (mPE) often leads to a failure of the behavior are how the thermorheological complexity depends
thermorheological simplicity indicated by a shift factor, which  on molecular parameters and in which way such correlations
is not independent of time or frequency. Thusaster cures could be used to get an insight into the molecular structure of
cannot be constructed. polyethylenes. Therefore, polyethylenes polymerized in various

Van Gurp and Palméhproposed the plot of the phase angle ways were investigated.
as a function of the complex modulu¥|G*|) as a first
qualitative check for the thermorheological behavior. In the case Experimental Section

Characterization Methods. SEC-MALLS. Molar mass mea-

*To whom correspondence should be addressed. E-mail: surements were carried out by means of a high-temperature size
helmut muenstedt@ww.uni-erlangen.de. o exclusion chromatograph (Waters, 150C) equipped with refractive
gen-llrcl'sutgg:eer;f Polymer Materials, Friedrich-Alexander-University Erlan- index (RI) and infrared (IR) (PpIyChar, I.R4) detectors. All

* Present address: Unitie Physique et de Chimie des Hauts Polyese ~ Measurements were performed using 1,2,4-trichlorobenzene (TCB)
Universite Catholique de Louvain, Croix du Sud, 1, B-1348 Louvain-la- as the solvent at 140C. The high-temperature SEC was coupled
Neuve, Belgium. with a multiangle laser light scattering (MALLS) apparatus (Wyatt,
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Figure 1. Master curve of the storage modul@sas a function of the
shifted frequencydr x w) for the mHDPE C4 in (a) double logarithmic
scaling and (b) linear scaling.

DAWN EOS). Details of the experimental SEC-MALLS setup and
the measuring conditions were previously published elsewfere.

Rheology.The samples were compression molded into circular
disks of 25 mm in diameter and around 1 mm in height.
Antioxidative stabilizers (0.5 wt % Irganox 1010 and 0.5 wt %

Figure 2. “Master curve” of the storage modul@ as a function of
the shifted frequencyaf x ) for the LCB—mHDPE B9 in (a) double
logarithmic scaling and (b) linear scaling.

different rheological indicators, namely the characteristic phase
angled,, the zero shear-rate viscosity increase fagigny", and

the steady-state elastic recovery compliad®evere adopted for
the estimation of these quantiti#s6.33

Irgafos 38 (Ciba SC)) were added to the laboratory scale samples.Results and Discussion

More experimental details are given elsewhére.

Shear rheological tests were carried out at constant temperature% Time Temperature Superposition.A quglltatlve dISthtIQn .
in nitrogen atmosphere. Most tests were performed with a Bohlin/ P€tWeen various polymers can be obtained from the finding
Malvern Gemini and a Rheometric Scientific/TA Instruments Whether a polymer melt is thermorheologically simple or
ARES. Dynamic-mechanical tests (frequency sweeps) were carriedcomplex. A widely used proof for thermorheological simplicity
out in the linear viscoelastic regime with frequenciebetween is the attainment of a master curve by shift@gw) according
1000 and 0.01°¢. Oscillatory stresses between 10 and 100 Pa  to Figure 1 either in a double logarithmic (Figure 1a) or a linear
or oscillatory straing between 2 and 10% were applied, depending plot (Figure 1b). As Figure 1 clearly demonstrates the time

on the viscosity of the sample. The thermal stability was ensured temperature superposition principle is valid for the linear
for all samples. Creep tests were performed in the linear and [zyppE Ca4.

stationary regime. Detailed descriptions of the experimental tech- . ' - A
niques used are given elsewh&te? It was possible to finagnaster curessimilar to that in Figure

Materials. Different metallocene-catalyzed linear and long-chain 1 for all the linear and short-chain branched samples investigated
branched homopolymers (LCB-mHDPE) and also low-density N this article and for the two LDPEs. Master curves were also
polyethylenes (LDPE) were characterized. The synthesis of many obtained for some short-chain branched samples characterized
of the samples was previously published by Piel e€al. elsewheré.

For the linear reference the mHDPE C4 was used, whose  From Figure 2a, and particularly from the linear plot in Figure
molecular and rheological data are given in Table 1. This sample 2 it hecomes obvious thataaster cure cannot be constructed
has a high molecular shoulder in the molar mass distribution.  ith sufficient accuracy for the LCBmHDPE B9. This sample,

The data of the long-chain branched samples are given in Tabletherefore, is classified as thermorheologically complex.

1, too. LDPE 1 and LDPE 2 are grades from Ba3€it? The
content of long-chain branches (listed in column “LCB”) is All the LCB—mHDPEs of Table 1 appeared to be ther-

estimated by two different methods, described in detail elsev#here. morheologically complex- except for D4, whose degree of
On one hand the concentration of the LCBs was estimated from long-chain branching is very low. These findings may lead to
the coil contraction detected by SEMALLS. On the other hand the conclusion that long-chain branching introduced by metal-



1330 Stadler et al.

Macromolecules, Vol. 41, No. 4, 2008

Table 1. Rheological and Molecular Characteristics of the LCB-mHDPEs and LDPEs

M no[Pas] nolnd™
type name [kg/mol] Mw/Mp (T=150°C) (T=150°C) LCB
mHDPE Cc4 224 3.0 1.%10° 1.0 none
LCB-mHDPE B7 76 2.0 4.6¢ 100 12.1 high
LCB-mHDPE B8 69 2.0 1.% 10 4.9 medium
LCB-mHDPE B9 66 1.8 6.3 10° 3.1 low
LCB-mHDPE B10 66 2.1 3.% 108 1.6 very low
LCB-mHDPE B11 65 2.1 1.& 100 9.8 medium
LCB-mHDPE B12 101 25 ~2.0x 10° ~17 very high
LCB-mHDPE D4 74 2.0 4.5 10° 15 very low
LDPE LDPE 1 345 11 8.% 1P 11 very high
LDPE LDPE 2 258 7.5 5.4 10¢ 0.2 very high
locene catalysts into HDPE implies a thermorheological com- 'able 2. Activation E”ergigzloétio{gsezhe’morheo'ogica“y Simple
plexity. To investigate such a supposition in more detail a yery
representation of dynamic-mechanical data was used, which very type name Ea [kJ/mol] degree of LCB
sensitively indicates a thermorheological complexity, namely  HDPE C1 27 none
the plot of the phase angteas a function of the magnitude of :BEE 8421 g; none
* none
the complex modulugG*|. . LCB-mHDPE D4 28 very low
The sensitivity of this plot with respect to the temperature | ppg LDPE 1 65 high
dependence is demonstrated in Figure 3a for the linear sample LDPE LDPE 2 57 high

mHDPE C4 and the branched material B9. Whereas the

measured points of the linear product come to lie on one curve whether it is possible to analyze the thermorheological complex-

with good accuracy, those of the long-chain branched £CB ity in more detail with the aim to get a deeper insight into the

mHDPE B9 are distinctly split up. In Figure 3B(|G*|) is branching structure.

represented for the statistically long-chain branched LDPE 2 One might argue that the thermorheological complexity can

in comparison to the reference curve for linear HDPE. In good be eliminated by performing a modulus shift for B9

approximation the curves for the different temperatures between(Figure 3a). However, this cannot be done, as the shape of

130 and 210C fall together; i.e., the LDPEs can be regarded ¢(]G*|) changes with temperature.

to be thermorheologically simple. Activation Energies for Various Thermorheologically
The findings in parts a and b of Figure 3 lead to the Simple PolyethylenesThe plotd(|G*|), although very sensitive

conclusion that the occurrence of thermorheological complexity with respect to a classification of the thermorheological

of long-chain branched polyethylenes depends on the branchinghehavior, cannot be used, however, for a determination of the

architecture. This result, on the other hand, raises the questionactivation energyE, according to eq 1, as this plot does not

contain any time or frequency dependence.

a) 01 s - " linear reference For this purpose usually the shift &'(w) and G"() is
ot E applied anck, is calculated from a logarithmic plot of the shift
751 . factor ar vs the reciprocal absolute temperaturd. IResults
for Ea of some thermorheologically simple polyethylenes
60 _ investigated are given in Table 2.
= —— 140°C |LCB-mHDPE B9 The activation energies of 27 kJ/mol found for the three linear
© 5] T o 1%0C ] homopolymers are in good agreement with the literatofe.
—&— —0—170°C : i
e 4 100°C The lightly branched sample LCBnHDPE D4 basically
—v—210°C shows the same thermorheological behavior as a linear HDPE.
301 —+—230°C i These results can easily be understood, as the degree of long-
; . . chain branching is so low that it does not affect the thermorheo-
10° 10° 10° 10° 10° logical behavior significantly enough to cause a thermorheo-
|G*| [Pa] logical complexity.
The two commercial LDPE are highly branched. Their
b) 904 ' ' Iinearlreference_ measured activation energies of around 60 kJ/mol are in good

451

agreement with the literature, té§.2529.32,37

Description of Thermorheologically Complex Products.
Thermorheological complexity means the failure of the time
temperature superposition principle. The physical reason behind
this appearance is that not all the relaxation times are changed
by the same factor anymore if the temperature is altered. For
an assessment of the thermorheological complexity, it is,
therefore, reasonable to analyze the temperature dependence of
the spectra.

30 . _ S .
: : . For this purpose the relaxation time sped(a) of various
10° 10° 10°* 10° 10° samples were determined according to the procedure presented
|G*| [Pa] in detail elsewheré® This method provides equidistant and

Figure 3. 0—|G*| plots of (a) mHDPE C4 and LCBmHDPE B9 .
and (b) LDPE 2 at different temperatures. The linear reference was the spectra for two samples with two modes per decade and
established elsewhere for linear mMHDPEE

smooth spectra with a rather large mode density. Figure 4 shows

the corresponding splines. The splines connecting the modes
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Figure 5. Arrhenius plots of mHDPE C4 (a) and LGBnHDPE B9
tls] (b) at different values aof(r). The numbers give the activation energies
Figure 4. Plot of the relaxation spectrug(z) of (a) mHDPE C4 and in kd/mol.
(b) LCB—mHDPE B9 at different temperatures.

50 U T T T T T
are cubic B-splines calculated by Microcal Origin. They are % mHDPE C4
defined in the whole range, for which the spectrum is deter- 451 £o —v—LCB-mHDPE B9
mined, but not for any extrapolations. The spectra shown are | a

I
o
1

the averages of several data sets.
From such plots the shift factoes can be evaluated with
respect to a constant relaxation strerg#s indicated in Figure
4 by the faint lines. This is, in principle, the same method as
used by Wood-Adams and Costéand Gabriel- Both applied
this method forG'(w). Wood-Adams and Costelxused a linear mHDPE _ _ _ % e
different method for the calculation of relaxation spectra but =
did r_10t det_ermineEa fr_om them. _ 10° 10" 107 163 164 10°
It is obvious at a first glance that the relaxation spectra of
the linear mMHDPE C4 (Figure 4a) look very similar in shape, g/In(x,, )z [Pa]
which is an indicator of thermorheological simplicity, while the  Figure 6. Activation energyE,as a function of the relaxation strength
spectra of the LCBmHDPE B9 clearly diverge with increasing 9 for the linear and the long-chain branched samples C4 and B9.
relaxation timer, which means that a master curve cannot be ) o
obtained by shifting; i.e., this sample is thermorheologically ~ For MHDPE C4F, = 27.4+ 0.8 kJ/mol is found, which is
complex. in excellent agreement with the data obtained from the shift of
These results become even more obvious when comparingother rheological functions for linear polyethylene homo-
the Arrhenius-plots of C4 and B9 (Figure 5), which can be Polymersi=® In the case of the branched LEBHDPE B9,
described by Ea is strongly dependent on the relaxation strength g.
E, attains a constant value at small relaxation strengths. This
- value is distinctly higher than that of the linear samjgthen
7=174(0) EXPRT @ decreases with growing g. The low&tmeasured is very close
to the value of the linear sample.

The relaxation times of C4 determined at different relaxation =~ These results are interesting from two points of view. First,
strengths show the same slope (Figure 5a) within the accuracythey demonstrate that determining the activation energy from
of the measurements. In the case of the L@GBHDPE B9 the shift of relaxation spectra obtained at different temperatures
(Figure 5b) the slopes, i.e., the activation energies, are notis a reliable experimental method, as the activation energy found
constant. The activation energies calculated according to eq 2for the linear polyethylene is constant and in excellent agreement
are given in Figure 6. While the slope of the mHDPE C4 (Figure with data from literature. Second, there is a clear dependence
5a) varies statistically arourig, = 27.4 kJ/mol, the values for  of the activation energy on the relaxation strength for the long-
the LCB—mHDPE B9 increase with decreasing relaxation chain branched PE synthesized by metallocene catalysts. This
strength or increasing relaxation time, respectively. finding can be interpreted by assuming that the sample B9
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Figure 7. Activation energyE, as a function of the relaxation strengths ~ Figure 8. Terminal activation enefg'{__ﬁao as a function of the zero
for LCB—mHDPEs and LDPE 2 with different degrees of long-chain shear-rate viscosity increase factgfyo™. The line is added to guide

branching. the eye. The error bars shown only for the LEBHDPE B11 for the
sake of clarity refer to an error @f20% with respect tgo/nq™ and of
Table 3. Terminal Activation Energies of All the +2 kJ/mol with respect tdL.
Thermorheologically Complex Products Investigated
long-chain becomes the higher the more pronounced the effectiveness of
My [kg/mol] E:° [kd/mol] nolnon 2 branching long-chain branches is.
B10 66 38 16 very low If EQ is plotted as a function ofjo/no™ (Figure 8), an
B9 66 41 3.1 low empirical relationship between these two quantities is found.
B8 69 42 4.9 medium This result should not be overestimated but distinctly demon-
E%l ?g’ 2‘3 lg:f mgﬁ'um strates thaE. is higher for samples with a stronger effectiveness
B12 101 52 ~17 very high of long-chain branches. It seems that the correlation approaches

a Measured at 156C. E, of LDPE 2 for very high degrees of long-chain branching.

. ) . ) . Summary and Conclusions

consists of a blend of various species, ranging from linear ) ] )
molecules with an activation energy of 27 kJ/mol to a type of _ For linear polyethylenes and long-chain branched species
long-chain branched molecules characterized by a constant™om the high-pressure process (LDPE) a constant activation
activation energyEL distinctly different from that of HDPE. ~ energyEa was found independently of the relaxation strength.

Comparison of the Activation Energies of Various Long- In another papérit was shown that. short-.chaln branched
Chain Branched PolyethylenesUsing the method discussed ~Polyethylenes behave thermorheologically simple, too, but the
before, several other long-chain branched polyethylenes madeActivation energy increases with the weight percentage of
by metallocene catalysts were investigated. cOMONomers. o

The findings are documented in Table 3 and Figure 7. The In comparison to the activation energy of 27 kJ/mol for HDPE
classical LDPEs with a treelike branching structure behave LDPES have higher activation energies around 60 kJ/mol. These
thermorheologically simple, but their activation energies are Values are too high to eventually be attributed to short-chain
distinctly higher than that of the linear homopolyethylenes (cf. Pranches within the LDPE. Therefore, the large activation
Table 2 and Figure 7). The metallocene-catalyzed PE investi- €nergies have to be correlated with the LCB architecture.
gated are thermorheologically complex. This complexity can A comparison between LDPE and long-chain branched
further be characterized by determining the activation energies hydrogenated polybutadienes (hPBd), which can be regarded
as a function of the relaxation strength. In Figure 7, it is as model substances for polyethylenes shows that the activation
demonstrated that such an analysis discriminates betweerenergies of LDPE are slightly below the values typically found
different LCB—mHDPESs. All the three samples show a behavior for these systems with pronounced long-chain branéhgry
similar to that of the LCB-mHDPE B9 in Figure 6. At small ~ short arms (e.gMa = 2 x Me)*! lead to activation energies
relaxation strengths, a plateau valE of the activation energy ~ below 40 kJ/mol, while for very long arms an activation energy
is reached, which is denoted as “terminal activation energy” Up to 78 kJ/mol was found. However, it is not clear from the
EL. These values are different for the four samples representedliterature, whether branched systems based on hPBd can be
in Figure 6 and Figure 7, however, and lie between the relaxation regarded as thermorheologically comgfear simple?3
strength-independent activation energies of the linear HDPE and The activation energies of the symmetric stars, the asymmetric
the treelike branched LDPE 2. With higher relaxation strengths, 3-arm stars, H-type and the pefpom samples published by
E. decreases and approaches the value of the linear HDPE. ThidBonchev et af.and Lohse et &.increase with growing length
qualitatively similar feature oE4(g) for the four samples in  of the shortest arm. The activation energy of a material with a
Figure 6 and Figure 7 gives rise to the supposition that all of pom—pom structure increases with the arm lengttiowever,
them are blends of linear and long-chain branched molecules.it is also obvious from literature that the differences of the

In Table 3 the constant activation energieg of all the activation energies between the various branching structures are
LCB—mHDPE investigated are listed and compared to the effect rather small £ = 65—75 kJ/mol) as long as the branches
of branching qualitatively deduced from the ratjg/noin 3940 possess a sufficient length.

with 770 being the zero shear-rate viscosity of the branched Thus, the lowerE, of LDPE in comparison to the model
product and;o™ the value of the corresponding linear sample branched hPBds can be regarded as a consequence of the
with the same molar masdd,,. In particular, in ref 26, it was relatively short long-chain branches. Typically, segmental molar
shown that for the metallocene catalyzed polyethylepég'™ masses M? of around 15 000 g/mol are found for LDPE,
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which are significantly below the branch lengths of 50 000 to (5) f;\rg%é{-zl\?A%Graessley, W. W.; Fetters, LMacromoleculed984

100 000 g/mol of the model branched systems with the high ' A . . .

activations ofE, = 70—75 kJ/mol23 (6) gﬂgag?gezr%&;grggga J.; Lehtinen, A.;'lfgren, B.Macromolecules
The absence of a thermorheological complexity for LDPE  (7) wood-Adams, P. M.; Costeux, Slacromolecule2001, 34, 6281—

can be explained by the assumption that every molecule in 6290.

ical LDPE islona-chain branchedand th h ranchin (8) Vega, J. F.; Santamaria, A.; Munoz-Escalona, A.; Lafuente, P.
B{p C? i ts . ghcdizf b? chedind that the branching Macromoleculesl998 31, 3639-3647.
structure 1s not much airferent. . _ (9) Stadler, F. J.; Gabriel, C.; Mstedt, HMacromol. Chem. Phy£007,
For the LCB-mPEs showing a thermorheological complexity 208 2449-2454.

a distribution of molecules with a different branching architec- (10) Arikan, B.; Stadler, F. J.; Kaschta, J.;"Natedt, H.; Kaminsky, W.
ture has to be regarded. Activation energies around 27 kJ/mol ___Macromol. Rapid Commui2007 28, 1472-1478.
lead to t.he assumption that some linear molecules are stiI.I (11) m:lcr::)t;ﬁ;?écﬁi'es{?gg%1,Eéhtj,_se—hsrg,g§. P.."tgren, B. Seppd, J.
present in the metallocene catalyzed samples, but that their(12) vega, J. F.; Fernandez, M.; Santamaria, A.; Munoz-Escalona, A.;
relaxation times are smaller than those of the long-chain Lafuente, PMacromol. Chem. Phy<4999 200, 2257-2268.
branched molecules. This conclusion is consistent with the ratherﬁig IaEI’( D-?EWaL”% W-'J; Z*':/llhlfﬁ?glyme/&l??; 40, é73;*1;;4j v

. . . . ~ H OKKO, E.; Lenmus, F.; Malmberg, A.; en, b.; Se , J. V.
narrow molar mass (_:Ilstrlbutlon given /My ~ 2. It is Long-Chain Branched Eolyethemhg Metallocene-Cata?ysis: Com-
evident that long-chain branched molecules of a molar mass parison of CatalystsSpringer: Berlin, 2001; p 335345.
similar to that of linear molecules possess the higher relaxation (15) van Gurp, M.; Palmen, Rheol. Bull.1998 67 (1), 5-8.
times. (16) Stange, J.; W&nter, S.; Kaspar, H.; Vhstedt, H.Macromolecules

indi ati 2007, 40, 2409-2416.

The _flndlng of a constant activation energy at smaller (17) Dealy, J.; Larson, R. Gatructure and Rheology of Molten Polymers
relaxation strengths supports the assumption that there are™ " From Structure to Flow Behdor and Back AgainHanser: Munich,
molecules of a similar branching structure. Comparing B10, B7, Germany, 2006.
and B12, for example, (cf. Table 3) the conclusion may be (18) Mavridis, H.; Shroff, R. NPolym. Eng. Sci1992 32, 1778-1791.
evident thatEL increases with the weight-average molar mass (19) 29Tép%;nsﬁn-g&an\;/v!\t/;lsrth\O/ll;cTé;m}gligﬁ?e’ g%éf%gté %é_'—;fger'
Mw. Such an interpretation would be in agreement with the 50y stadler, F. J.; Piel, C.; Kaschta, J.; Rulhoff, S.. Kaminsky, W.;
findings on well-defined hPBd from the literature that the Minstedt, H.Rheol. Acta2006 45, 755-764.
activation energy increases with the arm length. However, the (21) Stadler, F. J.; Mustedt, H.J. Rheol 200§ submitted for publication.
samples B9 and B11 do not fit in with this assumption as their (22) Gabriel, C.; Kaschta, Rheol. Actal99§ 37, 358-364.
terminal activation energies are somewhat higher than expecte gi; g;g;:g:' g ,ﬁ?f;:g’;’ JH"R“:]“:;?dkc':afghgegog?cgglagigsw’ 7-20.
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