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Received: 5 August 1997 Abstract A conventional long- stress. The recoverable compliance
Accepted: 12 November 1997 chain branched polyethylene is smaller for the LLDPE than for
(LDPE) and an octene copolymer the LDPE at higher stresses. This
(LLDPE) have been characterized irresult reflects the differences in the
elongation using an apparatus whicimolecular mass distribution of the
allows creep and stressing experi- two polyethylenes. At lower stresses
ments with high accuracy. Whereasthe recoverable compliance of the
the LDPE shows a strain-hardening LLDPE becomes higher than that of
behavior known from literature, the the LDPE. A hint to an explanation
elongational properties of the of the unusual elongational behavior
LLDPE are surprising. In the stres- of the LLDPE is obtained from an
sing experiments the strain-harden-analysis of the molecular structure
ing is much more pronounced at  which shows the existence of a lin-
lower strain rates than at higher ear component of a relatively high
ones. Two distinct plateaus of the molecular mass within the short-
strain rate are found in creep experiehain branched material. The results
ments at smaller stresses, indicatingare discussed assuming a separate
that two different processes have tophase of the linear molecules within
be taken into consideration. The  the matrix of the short-chain
elongational viscosity calculated  branched polyethylene of lower mo-
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L. Egersdaofer from the constant strain rate at shortecular mass.

Institute of Polymer Materials times is in good agreement with

Department of Materials Science 37, obtained from shear experi-

l,\jgr‘{g:]ss'tsﬁr'z;'a”ge”'“'“’berg ments. The viscosity determined  Key words Elongational flow —
D-91058 Erlangen according to the second plateau in strain-hardening — recoverable strain
Germany strain rate increases with declining — polyethylenes — branching structure

as has convincingly been shown by Mitedt and Laun
(1981) on polyethylenes and recently by Hingmann and
For a thorough rheological characterization of polymekdarczinke (1994) on polypropylenes, for example. The
shear experiments are not sufficient. This is particulatityvestigations underlying this paper were undertaken for
true for all the processing operations where the elongeo reasons. Firstly, we try to make a contribution to
tion of a polymer melt has to be considered. Thereforanderstanding the different film blowing behavior often
the long-chain and the short-chain branched polyethgund for linear low density polyethylene (LLDPE) in
lenes described in Part | of this paper (Gabriel et abtpmparison to classical long-chain branched polyethy-
1997) were investigated in elongation. lene (LDPE) by a rheological characterization with
In addition, elongational flow is more strongly influ-respect to elongational flow. Secondly, the quesn@n
enced by long-chain branches than shear deformatishould be answered whether the results on the depgen-

Introduction



22 Rheologica Acta, Vol. 37, No. 1 (1998)
© Steinkopff Verlag 1998

] 1500 -
= o ] f .
E : i
g 1250- ;
| )
toothed belt\J . P_", 1000 mmbo o
‘ electro-optical length = D
measurement 2 P
L g 7504 :
R } = N
Fnotor ] © : [ . :
‘ : B 500 g ~ o,=1000Pa s :
-0 | _IN __ silicon oil 8 1 : / L T=150°C
pull rod N P(Marp(Tsanpe 250 // : ‘
——— glass vessel 0.01 0.1 1 10 100 1000
J time t [s]
sample __ | I ‘ Fig.2 Time dependence of the stress in a creep experiment
(LDPE 1)
heating liquid ——EL OO force transducer
Fig. 1 Extensional rheometer besides those at constant strain rates with high accu-

racy. Creep experiments are of importance because the
steady-state of deformation is reached after smaller
E@ngaﬂons than for stressing experiments. Therefore, in

; A . any cases the steady-state of elongation can be
?r?r;s I%Cvd d%ﬂg%‘I%g}’ygg};:;g'?EchEt))rgﬂghmghk%%Vg_ ached although the total length of the elongated sam-

: : le is limited to 500 mm.
sity polyethylen (HDPE) melts can be applied to thB The quality of a creep experiment is strongly depen-

findings on a short-chain branched material, too. T:%t on the setting time for a constant stress value. Fig-

dence of the elongational behavior on molecular para

gﬁgesrhggflsr\éwtgrtfgse Osfeﬁ?en?_gggsgzg' ﬂ'\\/ledffgg%d 2 demonstrates for a relatively low tensile stress of
prop Pa that a constant level is reached after about 1s.

given in Part | (Gabriel et al., 1997). These favorable response times can be achieved by

using a fast servomotor and a sophisticated electronic

- control unit which has to be able to keep the product of

Experimental the two changing quantities force and sample length
_ , _ constant.

The elongatlonal eXperlmentS were carried out by an The Cylindrical Samples of 25 or 10 mm in |ength

apparatus presented in Fig. 1. Its principles go back t¢\@re prepared by extrusion through a capillary followed
design published by Nhstedt (1979). The modifica-py retardation in silicon oil. After etching the surfaces
tions comprising a modern and fast driving unit, an opf the sample ends the samples were glued to metal
tical displacement measuring device of high resolutigfamps. The total exposition time to temperature was
and stability, and a computer control and data acquigistinctly lower than the stability limit determined by

tion system make it a versatile instrument which allowgechanical-dynamic measurements (cf. Fig. 4 of Part I).
experiments at various deformation modes and histories.

The sample is suspended in a silicon oil bath of a den-

sity which is chosen to compensate the gravity of the

specimen by buoyancy. Besides that, it serves as hddungational behavior

ing liquid effecting a very constant temperature distribu-

tion along the sample of a maximum length of 500 mnViscosity

The advantages of this apparatus lie in its ability to eas-

ily measure the recoverable portion of the elongatid common way of characterizing polymer melts in

with high accuracy and to freeze in the sample at diffezlongational flow is stressing experiments at constant

ent states of deformation. strain rates. Their results on the two polyethylenes are
Another big advantage of this improved apparatus géven in Figs. 3 and 4. LDPE 1 shows the expected be-

its ability to perform experiments at constant stresskavior known from literature (Fig. 3). At higher strain
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Fig. 5 Reproducibility ofu(¢) for the LLDPE at three different strain
rates. Three samples at each strain rate were measured

10 1 o 4 T
10 10 10 10 10°
time t [s] times the shear viscosity(¢) at small shear rates, as
Fig. 4 Time-dependent elongational viscosity of the LLDPE me%S-.h.ct)UI(_jl_r?e elxpect(_ad frlom the_thE(f)I’)I{] OfLIII_rI]DePaIrE Vlﬁcoelas_
sured at different strain rates icity. The elongational viscosity of the shows a

time dependence significantly different from that of

_ _ ~ LDPE 1 as is demonstrated by Fig. 4. At higher strain

rates a pronounced increase of the elongational viscasites a significant strain-hardening does not occur up to
ty” with time, the so-called strain-hardening, is founghe measured Hencky strains of 3. At lower strain rates
which becomes weaker at lower strain rates and disae viscosity increase becomes more and more pro-
pears at the smallest experimentally available value @dunced. This surprising experimental result is sup-
& =0.002s™ In all cases the samples have begforted by measurements at the Technical Universtiy of

elongated up to a Hencky strain ef= 3 which corre- Zirich (MeiRner, 1996) on the same product, but with
sponds to a stretching ratio of about 20. The curve e elongational rheometer published by MeiRner and

the lowest strain rate which sectionwise falls togethgfostettler (1994) which is based on a totally different
with x(z) at higher strain rates but shorter times is threfeasuring system and uses samples of a plate-like ge-
ometry. Taking that into account, the agreement be-

1The term elongational viscosity is used for the time-dependent strfd4€€n the results of the two measuring devices is good.
related to the applied elongation rate. Therefore, the probability is very high that the strain-
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- 0020 S R : L,0 » Samples has its origin in the lower viscosity and the
g &, =00166s ; £ smaller strain-hardening.
= 0015 >~ b L1s 8 Comparing the time dependence of the viscosities of
g Z LDPE 1 and the LLDPE in the linear range it becomes
200104 T —————.t10 g obvious from Figs. 3 and 4 that the LLDPE reaches the
§ ] ! : : ¢,=001s" T steady-state faster than LDPE 1. At first glance, this
80005t e e e Los finding is easily explained by taking into account the
: : 1 ? : lower molecular mass and the more narrow molecular
0.000 — ; T 0.0 mass distribution of the LLDPE which should result in
0 50 100 10 200 250 a smaller terminal relaxation time (cf. Table 1 of part |
time t [s] of this paper). Not easy to understand from the molecu-
lar structure commonly described By, and My, /M,

be discussed in another section of this paper.
The unusual strain-hardening behavior of the LLDPE
is confirmed by the creep experiment presented in

hardening of the LLDPE at low strain rates is a real efrig. 6. The strain rate as a function of creep time as ob-
fect and not caused by an artefact. tained by a numerical differentiation of the creep curve

The reproducibility of the strain-hardening effect of(z) shows two plateau values, one at short creep times
the LLDPE at small strain rates is demonstrated and the other at longer ones. From the first plateau of
Fig. 5 where the time-dependent elongational viscosttye strain rate a viscosity of 6-1Pas can be calculated
is linearily plotted as a function of Hencky strain atvhich is in excellent agreement withy, (cf. Table 1).
three different strain rates. It is obvious that the scatfEhe viscosity obtained from the second plateau of the
between the three samples measured at each strain e&dagational rate is distinctly higher. In Fig. 7 the viscos-
becomes higher the lower the strain rate, but this coities calculated from the two plateaus of the strain rate are
parison on a linear scale demonstrates how pronoungdatted as a function of stress for two different initial sam-
the strain-hardening at small strain rates is. ple lengths. It is obvious that the two plateaus can be re-

The reproducibility of the time-dependent elongdated to two processes. At shorter creep times one ob-
tional viscosity of LDPE 1 is found to be better thaserves a linear response of the material documented by
that of the LLDPE. It increases from 0.3% at the highthe constant viscosities in Fig. 7 obtained from the first
est ap[i)lied strain rate of I'sto 2.6% at a strain rate of plateaus of the strain rate curves. The viscosity values
0.01s". These numbers are valid for the maximurdeduced from the second plateaus significantly increase
elongation ofe = 3; they become lower for smallerwith decreasing stresses. These results lead to the hypo-
elongations. The inferior homogeneity of the LLDPHhesis that two different molecular processes within the
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Fig. 9 Steady-state elongational viscosity related to37, as a func-
LLDPE have to be considered. It should be mentiondeh of stress for the two polyethylenes
that the scatter of the measured values is quite high at
low stresses. This is mainly due to sample inhomogen@ble 1 Newtonian viscosities of the two polyethylenes at 160
ities occurring statistically during deformation. With re(MBR: magnetic bearing rheometer, CSM: constant stress rheometer,
gard to Fig. 7 another remark has to be made. The viscB8M: elongational rheometer)

ity values taken from the first plateau of the strain rate are 10° Pas 10° Pas
generally higher for the short samples than for the longer ol ] ad :
ones. This result reflects the influence of the naturally in- MBR CSM ERM
homogeneous deformation at the sample ends which beFE 1 g-g g-g 1g-g

comes stronger the shorter the samples are. As the
plateau occurs up to Hencky strains of about 1, i.e. elon-
gations of 2, this inhomogeneity has a stronger influence

on the measurements in the case of the samples of 10 mm _ _ _
in initial length. to the attainment of a steady-state are obvious the reli-

It has to be stressed that the creep experiment sapility of which is decisively dependent, however, on
ports the experimental finding of a strain-hardening #fie accuracy of the stress control.
the LLDPE at low stresses or strain rates. The differ- The accuracy of the elongational measurements on
ences in the elongational behavior of the two polyethihie two polyethylenes gets some support from a com-
lenes are obvious in creep, too, as a comparison R#ison of shear and elongational viscosities in the lin-
Figs. 6 and 8 demonstrates. The creep experiment & range of deformation. As Table 1 shows, the Trou-
LDPE 1 in Fig. 8 does not show any indication of twdon ratio uy/n, = 3 is excellently fuffilled. The shear
plateaus of the strain rate as in the case of the LLbPEXperiments were performed by two different instru-
The strain rate steadily decreases from high valuesmagnts. MBR denotes the creep apparatus used by Gab-
the beginning of the experiment and approachesrigl et al. in Part | of this paper, CSM stands for a con-
steady-state. The corresponding elongational viscodi9lled shear stress rheometer available on the market.
fits in very well with the curve of the steady-state viscThe results from the two shear apparatuses show a con-
osities in Fig. 9. vincing agreement. _ _ N

Another interesting result is obtained if one regards In Fig. 9 the steady-state elongational viscosities as
the time behavior of the LLDPE in the creep and stredetermined from creep and stressing experiments are
sing experiments. Whereas in creep at a stress dPa0 plotted for the two polyethylenes as a function of stress.
the strain-hardening, indicated by a decrease of strdiie values are normalized iy, in order to facilitate
rate from the first plateau, starts at about 50 s, the c#eir comparability. LDPE 1 shows the behavior known
responding time in the stressing experiment &om literature (Munstedt and Laun, 1981). Starting
& = 0.01 st lies at around 100 s. From this considerdtom /5, = 1, the viscosity ratio increases and runs
tion the advantages of creep experiments with resp#dtough a maximum of a height of 4. The elongational
- viscosity of the LLDPE calculated from the second pla-
2The applied stress is shown in Fig. 2 and demonstrates the accut@gU value of(¢) still increases at the lowest attainable
of its time behavior. stresses.
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Fig. 10 Extensional viscosity as a function of strain for LDPE 1 apolyethylenes at different strain rates
three different strain rates. Initial sample lenght= 10 mm. Three
samples at each strain rate were measured

The filled symbols in the case of LDPE 1 are taketal deformation is higher at shorter times than at longer,
from experiments at constant strain rates in which theflecting the nature of the viscoelasticity of polymer
initial sample length was reduced from 25 to 10 mmmelts. ¢, increases withe up to a plateau value which
giving rise to higher total strains up t©= 3.8. From increases with strain rate.
the results represented in Fig. 10 a steady-state can b&\ quantity more suitable for a theoretical description
assumed at least at the two highest strain rates. Theagea comparison with the results of other experiments is
producibility of the measurements is good. The “steadyre compliance generally defined a®d = ¢/ay.
state” values of Fig. 10 fit perfectly in with the curveD, = ¢, /0y is the recoverable compliance, stands for
from the creep experiments in Fig. 9 indicating that thtee tensile stress on the sample. If only the elastic
assumption of having reached steady states in the mpartion ¢, of a deformation is regarded), can con-
surements of Fig. 10 is justified. The stress decreasevahiently be determined from a creep recovery expetri-
& = 1 stis due to necking of the sample at high elorment. If the recoverable strain is measured after having
gation. reached the steady-state of deformation one obtains the

steady-state recoverable compliarze

This quantity is plotted as a function ef, for the

Elasticity two polyethylenes in Fig. 12. At higher stressés, is
larger for LDPE 1 than for the LLDPE as could be ex-

In addition to the viscous behavior in elongation thpected from Fig. 11. At lower stresses, howewey, of
elasticity of the two polyethylenes was investigatetlDPE 1 approaches a plateau value wheréas of
The elasticity in elongation is determined by a recdilLDPE increases further and becomes higher than that
experiment. At any state of deformation the stress af LDPE 1. The constant steady-state recoverable com-
the sample can be set to zero. From the lengthfter pliance of LDPE 1 is in good agreement with 13
total recovery the recoverable strain=/n //I, is cal- as it should be in the range of linear viscoelasticiﬁ/.
culated./ describes the sample length just before the the recoverable steady-state shear compliance in the
recovery starts. In Fig. 11 the recoverable strgins linear range found for LDPE 2. This quantity has been
plotted as a function of the total strainfor the two determined by shear creep recovery experiments (see
products at different strain rates. Obvious is the faPart | of this paper). LDPE 2 is a material polymerized
that under the applied conditions the recoverable stramthe same way as LDPE 1. Their densities are not dis-
for the LLDPE is distinctly smaller than for LDPE 1, d@inguishable. LDPE 2, however, has been particularly
result which corresponds at first glance with the mostabilized as it has been used in the creep recovery ex-
narrow molecular mass distribution of the LLDPE. Thperiments which last for a long period of time. The lin-
dependence of, on ¢ and the strain raté, is well ear range of the LLDPE has not been reached at the
known from other investigations, e.g. Mstedt and lowest stresses applicable in elongational creep. But 1/3
Laun (1981). The recoverable part in relation to the td? found for the LLDPE in shear creep recovery (see
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Fig. 12 Recoverable steady-state tensile compliance as a function of

tensile stress for the two polyethylenes linear viscoelasticity and that the time-temperature
superposition principle is not fulfilled for the time-de-
o ) i pendent compliances in shear (cf. Part I).
Part 1) indicates the expected level in the linear range The strain-hardening of the LLDPE at low strain
of elongation. rates gives another hint to a peculiar rheological behav-
ior of the LLDPE investigated. From a miscible high
molecular mass component a strain-hardening effect at
Discussion higher strain rates should be expected as found by
Mdunstedt (1980) on anionic polystyrenes with a distinct
The LDPE investigated shows a pronounced straitail of higher molecular mass.
hardening at high strain rates which becomes smaller atFor a rough explanation of the shear behavior of the
lower ones. This elongational behavior is well knowhLDPE the immiscibility of the linear molecules with
for long-chain branched polyethylenes. those of the short-chain branched has been postulated,
Surprising is the result on the LLDPE that there exgiving rise to a separate phase of the linear component
ists a significant strain-hardening at small strain rate$ high molecular mass within the matrix of short chain
but not at higher ones. This behavior has been foundhhranched molecules (cf. Part I). At short times the elon-
stressing and creep experiments as well (cf. Figs. 4 agational behavior is dominated by properties of the ma-
6). It can only be found in elongational flow as a comtix of comparable low molecular mass leading to short
parison with a creep curve of the LLDPE in shear deelaxation and retardation times. At longer times the de-
monstrates (Fig. 13). The measurement has been permation of the separated phase comes into play result-
formed in the linear range of deformation using thimg in a viscosity increase according to its higher mo-
creep apparatus of Part | of this paper. The creep coleeular mass. This is reflected by the growing stress in
pliance and its time derivative do not indicate the exithe constant strain rate experiments and the declining
tence of two processes as in the case of creep expstiain rate in the creep test. The question of liquid-lig-
ments in elongation. It should be mentioned, howeveld phase separation in the LLDPE melt has already
that two molecular processes are distinguishable in theen discussed extensively in Part | of this paper. There
shear creep recovery experiments on the LLDPE (efie several hints given by Wignall et al. (1996) and
Figs. 7 and 8 of Part | of this paper). Alamo et al. (1994, 1997) that liquid-liquid phase
In the paper by Gabriel et al. it is reported that thgeparation in LLDPE only occurs in the case of very
LLDPE contains a distinct linear component of a highdiigh branching degrees. On the other hand, reports exist
molecular mass compared with the short-chain brancHeaim other authors which support our hypothesis of the
molecules. This high molecular mass component caristence of a separated phase of a high molecular lin-
explain the large steady-state recoverable complianees fraction in the LLDPE melt (Hill et al., 1993, 1997;
found in shear and elongation for the LLDPE at lowan Rutien and Boode, 1992).
stresses. But it does not give an explanation of the find- At stresses small enough the linear range of defor-
ings in shear that for the LLDPE the time dependencastion should be reached for the separated phase, too,
in creep and creep recovery do not follow the theory ofsulting in a constant elongational viscosity and a con-
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stant recoverable compliance. Figure 12 demonstratesnogeneity of the thickness of the produced films can

how far away the lowest applied stress of 600 Pa li® correlated with a strain-hardening behavior found in

from the linear range if the level given by the steadxtensional flow (Kurzbeck et al., 1997). For the LDPE

state recoverable shear compliance is regarded.which possesses a pronounced strain-hardening in the

should be mentioned that the shear experiments weaege of elongational strain rates typical of the used

performed at stresses lower than 20 Pa. film blowing equipment a better homogeneity of film
The difference in the influence of a miscible and ndhickness has been found in comparison to the LLDPE

miscible high molecular mass component is reflected mhich shows a distinctly smaller strain-hardening at

the elongational behavior. In the case of polystyrene therresponding elongational strain rates. In addition, the

long molecules are compatible with the shorter onsgrain dependence of the stress measured on the film

forming an entanglement network which can only belowing equipment mirrors the stress-strain behavior

deformed by cooperative movements of all moleculedetermined in the laboratory experiment.

This picture can explain the stress increase if the melt The investigations regarding the film blowing perfor-

is deformed at high strain rates. If the imposed strainance of the two polyethylenes are still in progress.

rate becomes lower the disentanglement becomes eas3ikeir results will be published elsewhere.

resulting in a smaller stress build-up. In the case of the

LLDPE where the high molecular mass component is

assumed to form a separate phase most of its molecules

do not interact with the matrix molecules, allowin@gnclusions

widely independent motions.

A comparison of the findings of this work with lit- Oyr results demonstrate that, as LLDPE cannot gener-
erature is not very promising because only a few resulifiy be regarded as a homogeneous material, its rheo-
on elongational properties of LLDPE are availablgggical properties are dependent on its composition. Par-
Schlund and Utracki (1987) investigated 11 differefifcylarly, the elongational flow of the melts reacts very
LLDPE products. For two products only, a strain-hardensitively on structural differences within the materials.
ening could be observed, the quantitative feature Phis fact may be a clue to understanding the somewhat
which was not worked out in detail because of apparef¥infusing findings in literature if the strain-hardening of
difficulties with the homogeneity of sample deformap0|yethy|enes is discussed.
tion. Like in the case of the LLDPE of thIS paper it has It has been shown that rheo|ogica| measurements
been proven, however, that the viscosity increase Wagd molecular characterizations using gel permeation
not caused by a chemcial change of the materighromatography and the method of temperature rising
Minoshima and White (1986) published results on @ution fractionation have to be combined to get a dee-

HDPE which exhibited a pronounced strain-hardeninger insight into the relationship between the molecular
Molecular data of the material and stability tests are ngfructure and properties of polyolefins.

given, however.
As the relation of the differences in elongational _
knowledgement The authors would like to thank Prof. Dr. J.

flow to the processing behavior of the two polyethyle eiBner, ETH Zuich, for providing elongational measurements on

melts is addressed first film blowing experimentge || ppE and Dr. R. Koopmans, The Dow Chemical Company, Ter-
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