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Polish Academy of Sciences
00-049 Warsaw, Poland

ABSTRACT

In this paper are presented the static and dynamic mechanical
investigation of chemically cross-linked low density polyethylene
(XLPE) prepared in our laboratory. This polymer has been
tested mechanically at different frequencies, amplitudes, and
temperatures as a function of cross-link density which is indi-
cated to some extent by the amount of peroxide used in the
cross-linking. The main findings can be described as follows:
mechanical damping in XLPE at the ¢-relaxation point as a func-
tion of peroxide concentration is different for shear and compres-
sion modes of deformation. Moreover, the dynamic investigation
at very small amplitudes indicated two relatively rigid structures.
One structure at low concentration of peroxide is attributed to ex-
cessive crystallinity; the other one at the high peroxide concentra-
tion is probably due to the very regular and perfect polyethylene
network. These two interesting structures are not detected by
dynamical testing with large amplitudes. As far as Young's
modulus as a function of peroxide concentration is concerned,

we conclude that in this polymer this factor does not depend on
the crystallinity but on changes of the so-called hard amorphous
phase. These findings are consistent with our previous structural
investigation.
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INTRODUCTION

Some ultrasonic and structural investigations were presented in
Refs. 1-4, The former and present studies are concerned with testing
the changes in structure of cross-linked polyethylene (XLPE) as a
function of peroxide concentration., In these studies we also estimated
the usefulness of different physical methods for determination of
structures in this polymer.

The methods employed for the preparation of XLPE have been
described in Ref. 2, We recall in Ref. 2 that three peroxides,
1-Di-Cup R, 2-Luperox 130, and Luperox 101, were used for
cross-linking of the polyethylene Petrolen WJF-47 (molecu-
lar weight ’M_n = 32,000), Peroxides were used in the following con-

centrations: a 0.5, b 1.0, ¢ 1.5, d 2.0, and e 2.5 weight percentage.

Some mechanical properties of low cross-linked PE have been
presented in Ref, 5. There also exist a large number of investigations
on irradiated PE. However, the nature of cross-linking of this poly-
mer is still not well understood, especially the process of chemically
cross-linked low density PE.

EXPERIMENTAL

1. A torsional pendulum was used to test the dynamic preperties
of XLPE as a function of temperature. The range of the testing tem-
peratures was from 17 to 105°C, and the range of frequency was from
0.3 to 1.5 Hz. The storage modulus G* and the logarithmic damping
decrement were calculated on the basis of the well-known formulas
given in Ref. 6. The maximum torsional amplitude was 2,5° (approxi-
mately 468 pm),

2, The Weissenberg rheogoniometer type R-17 was used to test the
XLPE as a function of frequency in the range 0.005 to 5 Hz at room
temperature, The torsional amplitude was 1.2 degree (approximately
225 um), The detailed evaluation of the storage modulus from these
measurements is given in Ref. (6).

3. To confirm the results from a Weissenberg rheogoniometer, we
have used a vibration table and a resonance method in the frequency
range 100 to 900 Hz. The resonance method was applied in shear and
compression. From these measurements the storage modulus and
loss factor were evaluated according to Ref, 6, Samples from this
test were separately prepared (i.e., cross-linked). The effective
amplitude of deformation was in shear 50 yum and in compression
20-30 pm [ 7],

4, The static mechanical investigations were carried out ona
TT-CM Instron Machine at room temperature [3] . The strain rate
was 0.5 cm/min, From these tests we evaluated Young's modulus

Er’ yield point Rplr’ percentage of elongation at the yield point € plr’



20: 48 24 January 2011

Downl oaded At:

CROSS-LINKED LOW DENSITY POLYETHYLENE 1471

G
N/m?]
0%
DICUMYL PEROXIDE
10" F
o A
>
E 410
@
(o]
o
<)
i)
[
2
-05 g
c
2
°
i i —k q i 0
300 320 340 360 380 (Kl
temperature

FIG. 1. The storage modulus G' and the logarithmic decrement of
attenuation of XLPE as a function of temperature,

tensile strength ar, and percentage of relative elongation at the break-
ing pointe_ | 8].

5, In addition, the thermal expansion coefficient was determined
within the temperature range 30-60°C.

We present here the results for only one peroxide because all the
peroxides used in this study gave similar results, Only the mechanical
results which are of particular interest from the scientific point of
view are presented here. Others can be found in Refs, 1-4, 6, and 7.
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FIG. 2. The maximum value of attenuation of XLPE as a function
of peroxide concentration.

RESULTS

In Fig. 1 it can be noted that the maximum of A = £f(T) in the vicinity
of 320 K represents the so-called e¢-relaxation in the uncross-linked
PE and cross-linked PE. The maximum value of the logarithmic
decrement (the relaxation point) as a function of the peroxide concen-
tration is shown in Fig. 2, In general, the maximum value of A gradu-
ally diminishes as the concentration of the peroxide used for cross-
linking increases. Figure 3 shows how the temperature of the
maximum of the logarithmic depends upon the peroxide concentration
used. It is clearly seen in Fig, 3 that the temperature maximum falls
for higher peroxide concentrations. We have found the same phenome-
non in cross-linked polypropylene [ 9].

From Fig. 1 we have obtained data to draw the plot of G' versus
peroxide concentration at 27°C (Fig. 4). It can be seen in this figure
that the values of G' for the XLLPE are below the values for the uncross-
linked PE, and no extrema appear on these curves, The same situation
occurs if the temperature is increased to 80°C [6]. At 87°C (Fig. 5)
the values of G' for XLPE are higher than for the uncross-linked PE.

It was found that G' typically behaves as a function of frequency as
shown in Fig. 6 (v = frequency). Relationships of this type were used

to draw the plot of G' versus the peroxide concentration for cross-
linking (Figs. 7 and 8), It is seen in these figures that the characteristic
feature of those plots is the appearance of 2 maximum for G' = f (%
peroxide) at peroxide concentrations of 0.5 and 2%. The resonance
investigation yielded relations equal to the above described curves,
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FIG. 3. The temperature of the maximum of attenuation of XLPE
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FIG. 9. The loss factor (in shear) of XLPE cross-linked with
dicumyl peroxide as a function of frequency (resonance measure-
ments),

In Fig. 9 we see the relationship between the loss factor and fre-
quency obfained for shear strain., For the remaining peroxides and
for compression, the curves are similar [9]. It is seen in Fig, 9 that
in the vicinity of 300 Hz there is a loss factor maximum. This damp-
ing maximum is presumably due to the so-called c-relaxation.
Figures 10 and 11 show the loss factor maximum value in shear and
compression, respectively, as a function of peroxide concentration.
The differences between these curves are that for shear the damping
diminishes with increasing peroxide concentration and for compres-
sion the situation is reversed. On the other hand, the frequency
corresponding to the loss factor maximum as a function of concentra-
tion (Fig, 12) is the same for compression,

Plots of G* for shear and K' for compression as a function of
peroxide concentration are shown in Figs, 13 and 14, It is easily seen
that these curves are similar to those given in Figs, 7 and 8.

Young's modulus as a function of peroxide concentration is shown
in Fig, 15 [ 10, 13]. The modulus has a smaller value for higher
concentrations of peroxide, as in the case of cross-linked polypropylene
[9]. The yield point gradually decreases as the peroxide concentra-
tion increases (Fig, 16)., On the other hand, the elongation at the yield
point has larger values as the peroxide concentration increases
(Fig. 17). As we found out, there is a similarity between Young's
modulus of XLPE and XLPP as a function of the cross-linking agent
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FIG, 10. The maximum values of loss factor (in shear) of XLPE

as a function of dicumyl peroxide concentration.

[9, 10]. The plot of tensile strength as a function of peroxide con-
centration has a very interesting form. In the vicinity of 0.5% per-
oxide concentration there appears a maximum of ¢ = f (% peroxide)

(Fig. 18). Figure 19, which is the last one in this series of static
mechanical tests, illustrates the relative elongation at break as a
function of the peroxide concentration, This factor decreases for

higher concentrations of peroxide.

Plots of the coefficient of thermal expansion as a function of per-
oxide concentration (Fig. 20) show maxima similar to some dynamic

tests (Figs. 7, 8, 13, and 14),

DISCUSSION

Comparing Fig. 2 with Fig, 10, we conclude that damping at the

a-relaxation point associated with shear and torsional stresses
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decreases with increasing peroxide concentration, but increases with
compressional stress with increasing peroxide concentration. These
effects can probably be explained as follows: compression is produced
by normal forces while shear is produced only by tangential forces.
The so-called simple shear is the sum of pure shear and rotafion.
The experimental data [11] indicate that a viscoelastic body subjected
to shear becomes less viscous; that is, the polymer damping decreases,
presumably due to the rotation of the polymer chains, If the body is
affected by axial forces, it becomes more rigid, which means that the
damping increases. It is assumed that these effects have taken place
in our experiments, Additionally, from an NMR test [ 12] we know
that the amount of soft phase (short chains, network defects in XLPE)
increases with increasing peroxide concentration, This probably
produces diminishing of damping in shear and an increase of damping
with axial forces.

It is difficult to explain the relation between Tmax and the concen-

tration of peroxide (Fig, 3) because there are different views about

the effect of crystallinity on a-relaxation, However, it can be assumed
that the increasing density of cross-links shortens the length of chains
in the folds on the surface of lamellae, and it could be that such a chain
length reduction will produce a temperature drop. A similar explanation

®* - DICUMYL PEROXIDE

o = LUPEROX 101
4 — LUPEROX 130
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has been given by Wunderlich [ 13] for the relation between the length
of the fold and the temperature,

From Fig. 4 it is clearly seen that the storage modulus at 27°C is
probably affected mainly by crystallinity since this modulus takes
higher values for the uncross-linked PE than for the XLPE. However,
at 87°C (Fig. 5), which is near the melting point of PE crystallites
[8, 10], the storage modulus of uncross-linked PE shows lower values
than the XLPE, This is mainly due to an increase in stiffness of the
PE network at this temperature.

The absence of any maximum of storage modulus plotted against
the peroxide concentration shown in Figs. 4 and 5 and the appearance
of some maxima on these curves shown in Figs, 7 and 8 and in Figs, 13
and 14 is, in our opinion, due to the following effects. The torsional
pendulum produces so large a deformation (488 um), that it probably
exceeds the range of linear viscoelasticity of this material. Thus the
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storage modulus represents the averaged resultant properties of
different phases in the XLPE specimen, In the Weissenberg and reso-
nance methods the deformations are at least half those of the torsional
method and are probably within the range of linear viscoelasticity.
Thus the mechanical properties of different phases are not averaged.

The first maximum is presumably related to the appearance of
excessive crystallinity and the second maximum is probably caused
by a uniform, rigid PE network (Figs, 13 and 14). This last interpre-
tation is based on our calculation | 14], from which it follows that at
2% peroxide concentration one bond links two chains of the PE used
by us, The sharp drop in value of storage modulus at a peroxide
concentration higher than 2% is probably due to the degradation effect.

The fall in the value of Young's modulus plotted against peroxide
concentration (Fig. 15) is not produced, in our opinion, by the drop of
crystallinity because in that case we would face a maximum of the
Young's modulus at about 0.5% peroxide concentration,

From our NMR tests [ 12] we can say that Young's modulus depends
on the amount of rigid amorphous phase in XLPE, The same explana-
tion for relaxation moduli in PE has been given elsewhere [15]. Our
investigation has shown that the amount of this phase gradually
diminishes with increasing concentration of peroxide [ 12].

It is difficult to interpret the dependence of the yield point on the
peroxide concentration, because the yield point phenomenon is not
well understood (Fig. 16). The increase of elongation at the yield
point (Fig, 17) for the higher peroxide concentration can be explained
by the facts found by NMR tests [ 12]. The NMR tests show that with
an increase in peroxide concentration, the amount of the soft phase
increases, The phase acts as a plasticizer and presumably contains
network defects and degraded PE chains., The appearance of this phase
produces the reduction of the stress necessary for yield. The plot of
tensile strength as a function of peroxide concentration (Fig. 18) is
similar to that produced by cross-linked natural rubber [17]. In our
opinion this strength depends on the amount of crystallinities in
XLPE because this dependence is similar to the relation between
degree of crystallinity and peroxide concentration [2]. Inthis respect
it could be that the crystallite but not the amorphous phase transfers
the stress, We have faced the same phenomenon in XLPP [9]. As
far as decreasing elongation at the breaking point is concerned (Fig,
19), we can say that it depends mainly on the degree of cross-linking
in XLPE, not the crystallinity. Probably the increase of the degree
of cross-linking, which is reflected to some extent by the increase of
the gel fraction [ 1-3], produces restraint of the chain movement that
could be manifested if elongation is plotted against peroxide concen-
tration.

The relationship between the coefficient of thermal expansion and
the peroxide concentration has been presented to show the correlation
between the thermal and mechanical properties of this polymer.
Thermal expansion (Fig. 20) shows maxima in precisely the same
range of peroxide concentrations as does storage modulus tested in
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the viscoelastic range of strain., However, it is thus far impossible to
explain the correlation between these two relationships based on the
previously assumed XLPE structure,

Summarizing our investigations we can conclude the following: the
mechanical damping of XLPE as a function of peroxide concentration
at the a-relaxation point is different for shear and compression modes
of deformation. Different structures of XLPE prepared by us can be
distinguished by dynamic interaction only in the linear viscoelastic
range of deformation. Based on the use of dynamic interaction in the
linear viscoelastic range, we propose two rigid structures in XLPE.
In our opinion, one may be ascribed to the crystallities and the other
to the uniform XLPE network.

The static mechanical investigation shows that chemical cross-
linking of PE causes changes of this material, even at room tempera-
ture, and that Young's modulus in this polymer is probably not depend-
ent on crystallinity but on the so-called hard amorphous phase as in
cross-linked polypropylene [ 9, 15],

These mechanical investigations are confirmed by our previous
ultrasonic | 2, 3], structural | 1-3] and NMR findings [ 4, 12].

We conclude from these investigations that in practice we may
sometimes come across unusual structural and dynamic mechanical
properties of this material that is used, for example, in the prepara-
tion of cable coatings.
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