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Summary
HDPE and LLDPE (containing n-butyl branches) were degra-

ded in a closed mixing chamber. After degradation some physi-
cal and mechanical properties were investigated as a function
of the chemical structure of the polymers. The effect of deg-
radation was found different for the two materials.

Physical and mechanical properties of HDPE depend strong-
ly on crystallization conditions and chemical irregularities
of the polymer chain. The most pronounced change in physical
properties was found as an effect of oxygen incorporation into
the polymer at the beginning of the process. Tensile proper-
ties of the samples have shown rapid destruction after the
yield point.

Physical and mechanical properties of LLDPE reveal much
less dependence on crystallization conditions and changes of
the chemical structure. Chemical changes caused by degradation
of the polymer do not essentially change the degree of crys-
tallinity under the conditions investigated. Chain breaking of
the polymer results in a slight decrease in the tensile prop-
erties, which can be attributed to the decrease in the number
of tie-chains.

Introduction

In our previous paper (1) changes of the chemical struc-
ture of linear high density polyethylene (HDPE) and linear low
density polyethylene (LLDPE) caused by degradation during
moulding in a closed mixing chamber were studied and the deg-
radation mechanisms of the two polymers were compared. In the
present work changes in some physical and mechanical proper-
ties as a function of those in the chemical structure are
discussed.

Experimental

Materials

Measurements were carried out on additive free fluff sam-
ples of Marlex 6001 type HDPE and Marlex TR 125 type LLDPE
containing 6.5 n-butyl branches per 1,000 carbon atoms
(Phillips products). The two types of polymers have similar
molecular masses and Melt index values (see Ref.(1)).

Sample preparation, procedure
The materials were moulded in the mixing chamber of a
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Rheocord EU 10-V plasticorder (HAAKE, Inc., USA) at 200 °C
chamber temperature with 50 rpm for different periods of time.
From the moulded materials samples were prepar%d by a) quench-
ing in liquid nitrogen and b) pressing at 200 “C and then
cooling slowly. For detailed description see Ref. (1).

Investigations
The properties studied and the methods used are summa-
rized in Table 1.

Table 1
Properties studied and methods used
Property Method Conditions
Chemical structure |IR spectroscopy,| See Ref. (1)
titrymetry,
extraction
Density Gradient column 23 OC; mixtures of
ethanol and benzyl
alcohol
Crystallinity DSC 10 °c/min heating
rate
Yield stress Tensile test Room temperature;
100 mm/min drawing
rate
Ultimate strength " "
and elongation

Results

Chemical changes of HDPE and LLDPE as an effect of degra-
dation in a closed mixing chamber were discussed in detail in
our previous paper (l). In the course of degradation oxygen
was built into both polymers, mainly in ketone form. At the
beginning of the degradation the rate of oxidation was found
to be faster for LLDPE than for HDPE but later this relation
was reversed. Degradation in a closed mixing chamber, i.e. at
low oxygen concentration, can be regarded as thermal degrada-
tion induced by oxygen (2). During degradation of LLDPE chain
scission processes predominate, while in the case of HDPE, as
a result of recombination reactions of alkyl radicals, chain
linking can also be observed.

Physical properties of the two polymers are different due
to the differences in their chemical structure and morphology.
Changes of the chemical structure caused by degradation during
moulding induce also changes in the physical and mechanical
properties of the resultant solid polymer. These latter changes
were studied as a function of the concentration of "chemical
irregularities", i.e., of groups differing from _(CHZ)B homoge-

neous structure. In this sense butyl side branches of LLDPE
were also taken as chemical irregularities. Concentrations of
all the irregular groups determined (total carbonyl-, hydro-
peroxide-, unsaturated groups and CH3 end-groups) were summa-
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rized (z[CI]) and plotted as a function of moulding time in
Fig. l.a. The relationship is linear for LLDPE, while it has an
accelerating character for HDPE.

In Fig. l.b concentrations of oxygen containing groups and
those of methyl groups are plotted as a function of z[CI].
These relationships are linear. The slope of the change of oxy-
gen containing groups is the same for both polymers. In the
case of LLDPE concentration of CHj3 groups and that of oxygen
containing groups change similarly. The concentration of CHj
groups in HDPE increases less with chemical irregularities than
that of oxygen containing groups.

The degree of crystallinity (wc) of guenched and pressed

samples determined by DSC (3) and the melting temperature (Tm)

determined at the maximum of the endothermic peak are plotted
in Fig. 2 as a function of moulding time. The degree of crys-
tallinity of HDPE strongly depends on crystallization condi-
tions, whereas that of LLDPE does not. This result is in agree-
ment with the literature data, which proved that the degree of
crystallinity of

HDPE decreases with wc (AH) Tm|°C
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of cooling (4,5), and thermodynamical properties of ethylene-
-a-olefin copolymers are independent of the cooling rate (6).

With increasing moulding time the degree of crystallinity
of both polymers decreases. The change is smaller and scatter-
ing of the values is higher for LLDPE than for HDPE. It can
also be seen that the difference in the degree of crystallinity
of the quenched and pressed HDPE samples decreases with in-
creasing moulding time.

Tm values of quenched HDPE are somewhat lower than those

of pressed samples but maximum deviation is lower than 2 °c.
In the case of LLDPE scattering of the values measured is
higher than the differences caused by different cooling rates.

Tm values given by the manufacturer of the polymers investi-

gated are also shown in Fig. 2. In the case of LLDPE it corre-
sponds to the measured value. For HDPE lower Tm was measured,

which can attributed to different sample preparation. Tm values

of HDPE samples moulded for different periods of time show some
decrease after 15 min moulding. Melting temperature of LLDPE
remains constant after an initial small decrease.

Density values of pressed samples are plotted as a func-
tion of moulding time in Fig. 3. The trends of changes are
different for the two polymers. Density of HDPE considerably
decreases after short moulding time, then it tends to reach
equilibrium value. Density of LLDPE shows some increase.

Yield stress of the pressed HDPE and LLDPE samples showed
linear relationship with density, independently of the chemical
structure, in accordance with the literature data (7,8).

In Fig. 4 ultimate tensile stress and elongation are
plotted as a function of moulding time. For comparison values
of stabilized samples moulded for 20 min with 50 rpm (9) are
. also shown in the figure. The additive
g/4m3| density free HDPE samples broke shortly after

0.96- the yield point in each case, thus ul-
’ timate tensile stress was determined
by the values of elongation at break.

%\ There are great differences between
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—o———o—— free HDPE samples. Values of additive

0.95- free LLDPE samples showed considerably

less decrease as compared to stabi-
lized ones. Tensile properties of
LLDPE are independent of the initial
change of chemical structure, and
some decrease could be detected only
0.9 after 15 min moulding time.
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Discussion and conclusions

On the bases of the results, we may conclude that chemical
changes caused by degradation in a closed mixing chamber do not
have the same effect on the physical and mechanical properties
of HDPE and LLDPE investigated after moulding. Properties of
HDPE change more severely than those of LLDPE.

Degrees of crystallinity determined from the enthalpy of
fusion (3) and from density values (10) are plotted in Fig. 5
as a function of the concentration of oxygen containing groups.
For HDPE both methods gave the same tendencies: 1) with in-
creasing oxygen content the degree of crystallinity decreases;
2) greatest changes can be found at low oxygen concentrations.
With increasing concentration of oxygen containing groups the
difference between the values measured by different methods
increases: the degree of crystallinity calculated from density
shows less decrease than that measured by DSC. These results
suggest that building of oxygen into the linear polyethylene
chain even in small concentration results in a less dense su-
permolecular structure of HDPE. Melting enthalpy decreases due
to the change of the ratio of crystalline and amorphous phases.
Lower decrease in the values determined from density can be
attributed partly to the difference in the mass of oxygen and
hydrogen atoms.
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caused by loosening of the structure.

Crystallinity values of LLDPE measured by different meth-
ods do not change in the same way as those of HDPE. The degree
of crystallinity calculated from DSC data decreases with in-
creasing oxygen content, although, to a lower extent than in the
case of HDPE, and scattering of the measured values is higher.
In the study of the degradation of stabilized LLDPE, also den-—
sity (and the degree of crystallinity calculated there from)
increase was experienced (9). Considering the amount of built-
-in oxygen it was found that the increase of density with in-
creasing oxygen content can be attributed to the mass differ-
ence of oxygen and hydrogen atoms, up to 10 mmole/mole m.u.
carbonyl group concentration there is no volume change as com-
pared to the unoxidized material. This suggests that the crys-
talline content of LLDPE containing butyl side branches does
not change essentially as an effect of chemical changes within
the range investigated. Density increase is caused by the mass
increase due to the oxygen atoms present. Decrease of the en-
thalpy of fusion may be caused by the incorporation of keto
groups into the lattice (11).

In Fig. 6 the degree of crystallinity and melting temper-
ature of quenched and pressed samples are plotted as a func-
tion of the total concentration of irregular groups measured.
The degree of crystallinity changes similarly with Z[{CI] and
with the concentration of oxygen containing groups (see Fig.
1.b).

In the range investigated melting temperature of HDPE de-~
creases linearly with increasing £[CI]. T of LLDPE reveals

only some slight change but these values are considerably low-
er than could be expected from extrapolation of those of HDPE.
The melting temperature of crystallites depends not only on
the chemical composition but it is primarily determined by
crystallite thickness, interfacial free energy and defects of
the crystal lattice (12-17). The results shown in Fig. 6 sug-
gest that in the range investigated, the chemical changes of
HDPE and LLDPE caused by deg-
radation do not cause as much
Tm change in the parameters de-
OC’ termining the degree of crys-
10- tallinity and the melting
' temperature as induced by in-
i 140 corporation of the butyl side
0,81 branches into the linear
S . . HBO chain.
+
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Tensile properties of the two polymers also revealed dif-
ferent behaviours. In the measured range tensile properties of
LLDPE decreased only in a relatively small extent but ultimate
elongation of additive free HDPE drastically dropped in each
case related to the stabilized material. This latter result was
not attributed to the effect of degradation. It has been as-
sumed that additive free and stabilized HDPE samples have dif-
ferent morphology: the stabilizer may act as a nucleating agent,
while in the case of unstabilized samples, i.e., in the absence
of any nucleating agent, larger spherulites are formed and this
results in brittle fracture of the material (18). For verifica-
tion of this theory, Finntalc M 15 (Finnminerals) nucleating a-
gent was mixed to additive free HDPE in an amount egquivalent to
the stabilizer content of commertial material and after being
moulded for 20 min under the conditions given above, the mix-
ture was pressed into a sheet. Tensile test was carried out and
550 % elongation was found for this composition. It seems to
verify the theory.

Tensile measurements of LLDPE suggest a less important ef-
fect of nucleating agents on the morphological and macroscopic
properties of ethylene-l-hexene copolymer than on those of lin-
ear homopolymer. The effect of chemical changes on the mechani-
cal properties can be tracked down not only in the case of
stabilized LLDPE samples (9) but even for the additive free ma-
terial. Ultimate tensile strength and elongation decrease as a
result of the breaking of polymer chains during thermooxidative
degradation. It indicates that the drawing behaviour of PE with
butyl side branches is mainly determined by the number of tie-
~chains between crystallites. The slight decrease in tensile
properties is most probablv due to the decrease of molecular
mass of the polymer, and with this, the number of tie-chains.

Summarizing the results of tensile measurements, we may
draw the same conclusion as derived from changes in the physi-
cal properties: changes in the chemical structure in the range
measured have smaller effect on the supermolecular structure of
both polymers than caused by building side branches into the
linear chain.
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