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Summary

The elongational viscosity of low density polyethylenes
depends on the mechanical history as is démonstrated on the
samples TUPAC A and IUPAC C and some other speci-
mens. IUPAC C which stems from the same batch as
IUPAC A but has undergone an additional extrusion shows
a significantly lower elongational viscosity whereas the shear
viscosity remains nearly unchanged. The elastic behaviour
measured by thé recoverable strain is not influenced by a
mechanical pretreatment. The viscosity decrease is found to
be canceled to its greatest extent after dissolving the sample
in xylene and evaporating the solvent. Pure elongation seems
to be more effective in creating the viscosity decrease than
pure shear. A similar effect could not be found for linear
polyethylene and polystyrene. This result leads to the
assumption that the branched molecules give rise to a
mechanically induced change of the entanglement structure
which can be reverted by dissolving. The evidence of the
elongational behaviour for film blowing is discussed.

Zusammenfassung

Die Dehnviskositit von Polyithylenen niedriger Dichte
hingt von der mechanischen Vorgeschichte ab, wie an den
Proben IUPAC A und IUPAC C und einigen anderen
Produkten gezeigt wird. IUPAC C, das aus der gleichen
Charge wie IUPAC A stammt, aber einer zusitzlichen
Extrusion unterworfen wurde, zeigt eine deutlich niedrigere
Dehnviskositit, wihrend die Scherviskositit nahezu unver-
andert bleibt. Das {ber die reversible Dehnung gemessene
elastische Verhalten wird durch eine mechanische Vorbe-
handlung nicht beeinfluflt. Die Viskosititsabnahme kann
nahezu vollstindig riickgingig gemacht werden durch Auf-
16sen der Probe in Xylol. Dehnung scheint eine effektivere
Viskosititsabnahme zu bewirken als Scherung. Ahnliche
Effekte einer mechanischen Vorgeschichte konnten fiir li-
neares Polyethylen und Polystyrol nicht gefunden werden.
Dieses Ergebnis legt die Annahme nahe, dafl die Verzwei-
gungen zu einer mechanisch induzierten Verinderung der
Verhakungsstruktur fithren konnen, die reversibel ist. Die
Bedeutung des Dehnverhaltens fiir das Folienblasen wird
diskutiert.

*) Dedicated to Professor Dr. Reif on the occasion of his
60th birthday.
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I. Introduction

It has been published recently that a previous
deformation applied by means of an extruder or
a Brabender plastograph changes the extrudate
swell of low density polyethylenes reversibly
(1). In parallel, end-use properties like the
transparency of blown films are improved (2). A

similar effect on the extrudate swell has been

observed on polyacetale (3) and on an amorph-
ous ethylene-vinylacetate copolymer (4).
Because of the increasing number of publica-
tions on the influence of a deformation history
on rheological and end-use properties of poly-
mer melts it seems a valuable contribution to
this topic to disclose that the two very similar
low density polyethylenes TUPAC A and
IUPAC C investigated by the IUPAC Working
Party on Structure and Properties of Commer-
cial Polymers (cf. (5)) are distinguished from
each other by the fact that [UPAC C, stemming
from the same batch as IUPAC A has under-
gone a particular mechanical treatment. Similar
to the LDPE samples in (2), the mechanical
pretreatment leads to an improved transparency
of the blown films and, in addition, to a higher
draw-down ratio and following from that a
smaller film thickness (5). The comprehensive
rheological characterization of the LDPE
IUPAC A and IUPAC C points to two
rheological quantities which showed up differ-
ences for the two samples identical from a
molecular point of view. The first normal stress
differences for IUPAC A were somewhat higher
than those for IUPAC C and the stress-strain
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behaviour in elongation showed some indication
of a lower tensile stress for [UPAC C (5). These
results from the literature give.strong evidence
that besides molecular quantities some other
structural parameters may influence the flow
behaviour of polymer melts.

The aim of this paper is to demonstrate that
LDPE melts can be changed gradually by an
increasing mechanical treatment, that this pro-
cess is reversible to a great deal, and that
elongational measurements are a very sensitive
tool for investigating this effect.

II. Experimental

The experiments were carried out using the extensional
rheometer described in (6) which offers the possibility to
perform elongational measurements at constant tensile stres-
ses 0, (creep tests) or constant strain rates &, on a small
amount of material. In the creep test the Hencky strain

e=In (VL) [1]

is recorded as a function of time (/, initial sample length, /
actual sample length), in the constant strain-rate experiment
the stress o is measured. From the steady state of either
experiment the steady-state clongational viscosity

)

(]

is calculated.
At any state of elongation the recoverable strain

g, = In (/L) [3]

can be determined by setting o equal zero (/, sample length
after total recovery).

different from that of the samples of table 1, however. The
different mechanical pretreatments are listed in table 1. The
notation ‘‘viscometer” means that the samples were ex-
truded at low shear rates using a nitrogen-driven capillary
viscometer, “extruder” indicates the sample preparation by
means of a laboratory extruder. The remark “pelletized”
includes an extruding process necessary for obtaining the
strands for péllets, “refined” describes a strong mechanical
deformation applied to the melt before pelletizing.

The subscript “d” of some symbols indicates that the
measurements were carried out on specimens previously
dissolved in xylene and carefully extruded at low shear rates
by means of a capillary viscometer after the evaporation of
the solvent!),

IV. Dependence of the steady-state elonga-
tional viscosity on deformation history

Figure 1 shows typical creep curves of LDPE
1, LDPE 2, and LDPE 4 at a tensile stress of
0, = 3.1X10* Pa and a temperature of 125 °C.
Taken from the same bath, they are distin-
guished by the different mechanical treatments
listed in table 1. The three samples were elon-
gated up to a total strain of € = 3.6 that means a
stretching ratio of 4 = 36. After a region with
decreasing strain rate £ a steady state of elonga-
tion is reached where & is constant.

Although the zero-shear-rate viscosity of
LDPE 1 is only 10% higher than that of LDPE
4 their stretching behaviour shows remarkable
differences. LDPE 4 which has undergone the
strongest mechanical treatment (see table 1)
elongates much more easily than LDPE 1. The
extrusion of LDPE 1 through a laboratory

Table 1. Elongational viscosity g, and recoverable strain &, in the steady state for LDPE samples of different mechanical
histories before and after dissolving (Tensile stress g, = 2 X 10* Pa, temperature 7 = 125 °C)

Dissolved in xylene

Sample Mechanical pretreatment g, U, [10% Pas] Uy [10% Pas] £ o s U,
LDPE 1 pelletized, viscometer 1.41 3.1 35 1.41 1.13
LDPE 2 pelletized, extruder 137 2.2 3.3 1.41 1.50
LDPE 3 refined, pelletized, viscometer 1.42 23 3.1 1.47 1.35
LDPE 4 refined, pelletized, extruder 141 1.9 3.2 1.43 1.68
LDPE 5 refined, pelletized, viscometer 1.42 1.9 2.6 1.42 1.37
LDPE 6 pelletized, viscometer 1.24 1.0 1.1 1.29 1.10

II. Sample preparation

All the samples investigated have been prepared from low
density polyethylenes of the density 0.918 g/cm?® at ambient
temperature. The specimens LDPE 1 to LDPE 4 in table 1
have been taken from the same batch. LDPE 1 is identical
with IUPAC A, LDPE 3 with IUPAC C. Similar, LDPE 7
to LDPE 10 in table 3 stem from the same batch which 1s

1) The polyethylene samples were dissolved in xylene of
100°C. Most of the solvent evaporates during 16 hours at
ambient temperature. The final drying is carried out at
100°C over 2.5 hours in a vacuum oven, The zero-shear-rate
viscosity of the previously dissolved samples is within the
accuracy of the measurements of + 3% the same as that of
the original material. This result indicates a negligible
solvent content remaining after drying.
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Fig. 1. Creep curves of LDPE samples with various mechanical
histories

extruder instead of a capillary viscometer leads
to an extensibility which reaches nearly the level

of LDPE 4 (cf. the curves of LDPE 1 and LDPE
2.

The steady-state elongational viscosities of
LDPE 1, LDPE 2, and LDPE 4 according to

S

steady-state elongational viscosity pg [Pu s]

1071

T=150°C

108

103

steady-state shear viscosity 1_ [Pa s}

equation [2] are plotted versus the applied
tensile stresses in figure 2. The shape of u(o,)
for the three samples is very much the same.
From the Trouton viscosity 3 7, at small tensile
stresses the elongational viscosity increases and
runs through a maximum which is about eight
times higher than the stress-independent viscos-
ity (cf. (7)). Whereas the Trouton viscosities of
LDPE 1 and LDPE 4 differ only by 10%, the
elongational viscosity of LDPE 1 is higher by a
factor of 1.6 than that of LDPE 4 in the
maximum region. These differences are much
more pronounced than those found in stress-
strain curves where the steady state of elonga—
tion has not been reached (5). In comparison,
the viscosity functions of the two samples in
shear show only small differences in the linear
range but are indistinguishable in the nonlinear
range of deformation (cf. fig. 2).

This result demonstrates that the steady-state
elongational viscosity reacts very sensitively on
a previous mechanical treatment of the LDPE
sample which was the modest one in the case of
LDPE 1 and the strongest in the case of LDPE 4
(cf. table 1).

ng(Te)
1041 /
tensile stress o,[Pa]
shear stress 1,[Pd]
103 . . .
100 10! 102 103 104 10° 108 10

Fig. 2. Steady-state elongational viscosities of LDPE with various mechanical histories

2) A thermal degradation as the source of the decreasing
elongational viscosity can be excluded because of the only

faint change of the zero-shear-rate viscosity which reacts
very sensitively on alterations of the weight average molecu-
lar weight.
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Because of the good reproducibility of the
results, in a more detailed investigation of the
influence of a deformation history on the elon-
gational properties of LDPE, measurements
were carried out at one tensile stress of o, =
2 X 10* Pa, only. The data in the fourth column
of table 1 describe once more the findings
represented in figure 1 and figure 2. In addition,
it comes out that the sample preparation of the
refined LDPE in the laboratory extruder 1. e. a
further mechanical treatment diminishes the
elongational viscosity by another 15% (cf.
LDPE 3 and LDPE 4).

The proof, that this viscosity decrease is not
due to a chemical change of the product, be-
comes obvious from the reversibility of the
effects by dissolving the mechanically pretreated
samples in xylene according to the procedure
described in section III. The steady-state elon-
gational viscosities measured on the dissolved
and carefully extruded specimens are listed in
the fifth column of table 1. The samples LDPE
2, LDPE 3, and LDPE 4 show the same
viscosities within the accuracy of the measure-
ments after the dissolving procedure. For LDPE
4 does this mean a viscosity increase of 68%. In
the case of LDPE 1 a viscosity increase of 13%
is observed indicating that the mechanical treat-
ment during the pelletizing process has already
imposed a measurable mechanical history on the
sample.

The somewhat lower u, of the dissolved
samples LDPE 2, LDPE 3, and LDPE 4 in
comparison to the dissolved LDPE 1 may be
due to a slight scission of the molecule chains
during the additional extrusion processes the
latter three samples had to undergo. Such an
interpretation is supported by the values of the
zero-shear-rate viscosity which is somewhat
lower for LDPE 4 with the stronger mechanical
pretreatment compared with LDPE 1 (cf. fig. 2).

A reversibility of the effect of a mechanical
pretreatment on the elongational viscosity by
dissolving is found, too, for the two other low
density polyethylenes LDPE 5 and LDPE 6
listed in table 1. The specimen LDPE 5 was
pretreated in a similar way as LDPE 3, LDPE 6
similar to LDPE 1.

Despite of the differing molecular parameters
particularly in the case of LDPE 6, the ratios of
the viscosity after dissolving to the viscosity
before dissolving correspond to those of the

samples which had undergone the similar pre-
treatment (see last column of table 1).

V. Dependence of the steady-state recover-
able strain on mechanical pretreatment

In the third column of table 1 the recovgrable
strain measured at a stress of g, = 2 X 10* Pa
and a temperature of 7= 125 °C is given for the
polyethylene samples exposed to different
mechanical histories. Within the accuracy of the
measurements which can be assumed to lie
around * 3% an influence of the various
mechanical treatments is not obvious. Dissolv-
ing the samples does not change the elasticity
(compare the third and sixth column of table 1).

A first hint that a previous mechanical treat-
ment does not influence the recoverable strain
can be deduced from (5) where no differences of
this quantity were found for IUPAC A and C.

VI. Elongational viscosity and recoverable
strain after pure elongation and pure shear

In order to find out experimentally whether
the stretching or the shear component of the
mechanical pretreatment causes the reversible
change of the elongational properties, LDPE 1
has been subjected to pure stretching in the
tensile rheometer (6) and to pure shear in a
sandwich-type rheometer’).

The samples were elongated at 125 °C and a
strain rate of & = 0.2 s™! to stretching ratios A of
10 and 25. The frozen elongated samples were
cut into pieces and extruded once more. The
elongational viscosity y, and the recoverable
strain &,  in the steady state measured at a tensile
stress of g, = 2 X 10* Pa and a temperature of
125 °C are given in table 2. u, decreases with
increasing stretching ratio which becomes par-
ticularly obvious at the higher elongation?).

In order to generate a pure shear deformation
a compression molded sheet of 1 mm thickness

%) This apparatus based on 2 design published in (8) is
particularly equipped for performing experiments at high
shear rates up to y = 500 s,

#) In order to make sure that not a small amount of
silicone oil remaining on the surface of the elongated sample
causes the viscosity decrease, another specimen was
stretched in air using a tensile testing machine. This proce-
dure yielded the same effect on the elongational viscosity as
the predeformation in the silicone oil bath.
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Table 2. Elongational viscosity s, and recoverable strain £
in the steady state of a low density polyethylene exposed to
pure shear and pure stretching

g, =2 X 10* Pa, T = 125°C

Mechanical pretreatment g [Pa s] £,

3.2 x 108 1.41

none

E=02s",A=10 2.9 X 10° 1.39
£=02s",A=25 26 x 10 138
compression molded

100 bar, radial flow 3.1 X 108 1.39
additional shear

y= 20, = 5005} 3.1 % 10° 1.37
compression molded

100 bar, radial flow,

dissolved in xylene 3.6 X 10° 1.42

pressure molded

100 bar, small shear 3.2 X 100 1.41

was deformed between two metal plates up to a
total shear of y =20 at a shear rate of around y
= 500s~". As can be seen from table 2, the
compression-molding procedure leaves the
elongational viscosity unchanged within the
accuracy of the measurement. The additional
shearing does not show any influence on the
elongational viscosity either. Dissolving the
compression-molded sample in xylene results in
a higher viscosity. The value of y is in good
agreement with that of the dissolved LDPE 1in
table 1.

For comparison, table 2 contains y, for a
sample which has been prepared from a material
kept under the same pressure of 100 bar as the
sheared sample, but in the barrel of a capillary
viscometer. This procedure yields the same
elongational viscosity as the compression
molding.

The differences of the recoverable strains in
table 2 can be regarded to lie within the experi-
mental error.

From these results the conclusion can be
drawn that the elongational component of a
mechanical deformation plays a dominant role
in causing a reversible change of the elongational
viscosity of a LDPE melt.

VII. Discussion

Three facts concerning the influence of a
mechanical pretreatment on the elongational
viscosity of polymer melts have to be stated:

1. The nearly total reversibility of the described
effects by dissolving the polymer points to a
structural rather than a molecular change of
the sample®).

2. The described effects seem to be restricted to
branched polymers. For linear polyethylenes
and for polystyrenes an influences of a
mechanical pretreatment on the elongational
viscosity could not be found. On the other
hand, an influence of a mechanical history on
viscoelasticity has been reported for a
branched acetal polymer (3) and an amorph-
ous branched ethylene-vinylacetate copoly-
mer (4).

3. Elongation seems to be more effective than
shear in causing a reversible structural
change to the sample.

A discussion of these results in the light of
entanglements leads to the assumption that
branched molecules possess another entangle-
ment structure than linear molecules. The
stretching deformation, In particular, seems to
cause a reduction of the entanglements due to
branching which are able to reform in the
dissolved state. A model can only be rather
speculative but one could imagine that owing to
the degree of stretching the branched parts
become more and more orientated in line with
the backbone of the molecule giving rise to a
smaller extension of the molecule and following
from that to a lower probability of forming
entanglements. These structural changes seem to
be very stable since keeping the melt at moder-
ate temperatures and extruding it carefully at
low shear rates as done during sample prepara-
tion does not exstinguish the influence of the
previously imposed history. A high molecular
mobility present in solution and at fairly ele-
vated melt temperatures is necessary for a struc-
tura] rearrangement of the molecules.

What does remain incomprehensible, how-
ever, is the fact that such a change of the
entanglement structure is much stronglier re-
flected in the elongational than in the shear
viscosity. This point may have a chance to be
clarified if an explanation can be given for the

%) In (1) it has been reported that a heat treatment effects
a similar reversibility of mechanically induced changes in
viscoelasticity as dissolving. This effect could not be verified,
however, with the LDPE investigated because of the cross-
linking caused by the exposure of the sample to the high
temperatures necessary for achieving reversibility.
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totally different shape of the viscosity functions
of a LDPE in shear and elongation (see fig. 2).

The particular sensitivity of the elongational
viscosity to molecular changes and therewith to
variations of the entanglement structure is evi-
dent from investigations of the influence of a
small high molecular weight component on the
elongational behaviour of polystyrenes (9) and
polyethylenes (10).

The independence of the recoverable strain of
a previous mechanical treatment is difficult to
understand in the light of the changes in extru-
date swell of about 30% reported in (1), which
reflect the changing elasticity of the melt.

From (5) it comes out, however, that not only
the absolute but also the relative values of the
extrudate swell of IUPAC A and IUPAC C are
dependent on external parameters like length to
radius ratio L/R of the capillary or shear stress
and shear rate. For the extrudate swell at
L/R =0, corresponding to the recoverable
strain imposed on the sample by stretching it in
the entrance region of the capillary, and for a
true shear stress of 7, = 10* Pa which is com-
parable with the applied tensile stress of ¢, = 2
X 10*Pa applied in the elongational experi-
ments, a 7% higher extrudate swell of [UPAC A
is found (5). This difference can be regarded to
lie within the accuracy of the methods demon-
strating the qualitative agreement in the case of
the IUPAC low density polyethylenes between
the elasticity determined from elongational ex-
periments and extrudate swell measurements®).

VIIIL. Relevance of the results to film blowing

For a correlation of the results of the elonga-
tional experiments to a processing operation like

film blowing it is essential to know whether the
differences measured on the melt are still exis-
tent in the blown film material. Unfortunately,
films of the samples discussed in the foregoing
sections are not available. Therefore, film blow-
ing as well as rheological experiments were
performed on a LDPE similar to LDPE 1 or
IUPAC A, respectively. The material mechani-
cally pretreated in an extruder gives thinner
films with less haze than the normal pelletized
resin.

The results of the elongational experiments
carried out similarly to those in table 1 are given
in table 3. Analogous to the samples investigated
before, the steady-state elongational viscosity of
the refined product is smaller than that of the
basic resin. The differences are not as high as for
LDPE 1 and LDPE 3 in table 1. This fact could
be explained by a less effective mechanical
treatment. The results on the blown film mate-
rial show a further decrease of the elongational
viscosity probably due to the additional defor-
mation history imposed on the melt by the
extruder of the film blowing equipment. This
finding means that the decrease of the elonga-
tional viscosity by refining is not reverted but
magnified during the film-blowing process.
Therefore, the lower pulling forces of refined
LDPE products and their extensibility into
thinner films can qualitatively be related to the
changes of the elongational viscosity.

The recoverable strains are the same within
experimental error. They do not change after
dissolving in xylene according to the procedure
described in section III. Dissolving leads to a
significant increase of the elongational viscosity
which is the most pronounced in the case of
LDPE 10 with the lowest initial value. The basic

Table 3. Elongational viscosity y, and recoverable strain &, , in the steady state of a low density polyethylene after different

mechanical pretreatments (Tensile stress g, = 2 X 10* Pa, temperature 7 = 150 °C)

Dissolved in xylene
Sample Mechanical pretreatment g, ¢ [10° Pa 5] Uy [10° Pas] £ 4
LDPE 7 pelletized, viscometer 1.36 6.6 7.4 1.36
LDPE 8 refined, pelletized, viscometer 1.34 6.2 7.0 1.36
LDPE 9 film-blown, viscometer 1.36 6.1 6.8 1.36
LDPE 10 refined, film-blown, viscometer 1.34 5.5 6.9 1.36

¢) Unfortunately, for the measurements on LDPE sam-
ples reported in (1) only very few experimental data are
given. It is not clear, for example, whether equilibrium
values of the extrudate swell were taken and whether the

entrance pressure losses remained the same. Both experi-
mental conditions have to be fulfilled if one wants to
compare extrudate swell data obtained under the constant
loads of the used melt indexer.

65
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resin LDPE 7 exhibits a viscosity increase after
dissolving which points to the mechanical his-
tory imposed on it by pelletizing. All these
observations are in parallel with the findings on
the samples in table 1.

In this context it may be worth mentioning
that for some deliberately taken LDPE products
in paralle]l to a decrease of the elongational
viscosity by means of a mechanical pretreatment
an increase of the rate of crystallization is found
(11). A great deal of this effect can be reverted
by dissolving the LDPE in xylene or annealing it
at temperatures above 220 °C. Despite of the
obvious similarities in the elongational and
crystallization behaviour of LDPE it seems
questionable to relate these phenomena to the
same molecular origin. Whereas the crystalliza-
tion behaviour is connected with the density of
heterogeneous nuclei (e. g. impurities) and
homogeneous nuclei (parallel sections of the
polymer chains), the viscoelasticity of a melt
reflects the interaction between an ensemble of
molecules (e. g. entanglement network). Up to
now there is no evidence for a relation between
the homogeneous nuclei and the polymer net-
work. On the other hand, no influence of the
heterogeneous nuclei on the rheological proper-
ties is known because they are generally small in
size and concentration.

Furthermore, the differences in the rate of
crystallization are found to disappear for the
films blown from polyethylenes which have
undergone various mechanical pretreatments as
is shown on films of LDPE 7 and LDPE 8 (11).
Contrary to these findings, the differences in the
elongational viscosity are still preserved in the
blown films as it is obvious from table 3.

There is another effect which supports the
assumption that the different optical properties
of the blown films are not connected with the
crystallization behaviour. By immersion in pa-
raffin or silicone oil the haze of thin films of

IUPAC A can significantly be reduced (5). The
same result was found for the films blown from
the other batch (LDPE 7). These findings point
to surface roughness as the source of the differ-
ent optical properties.

A surface structure is expected to be more
closely related to flow properties than to the
crystallization behaviour. Open remains the
question, however, in which way the differences
in the rheological behaviour showing up most
distinctly in the elongational viscosity can count
for the surface roughness.

An obvious correlation is given, however,
between the extensibility of the melt and its
draw-down force and the elongational viscosity.
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