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ABSTRACT: Blown extruded polyethylene films without
stabilizers have been exposed outdoors under severe weath-
ering conditions in the Sahara. The chemical aspect of aging
has been followed by IR spectroscopy. The mechanical as-
pect of aging has been monitored by means of a nondestruc-
tive method. It consists of measuring velocities and attenu-
ations of ultrasonic waves propagating in several directions
in the film plane. Stiffness constants and energy dissipation
terms have been calculated. From the results obtained it is

shown that stiffening of the material leads to an increase of
velocities and a decrease of wave attenuation. Moreover, the
stiffness constants as well as the energy dissipation terms
vary with aging and show a changing anisotropic character
of the films. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 90:
559-564, 2003
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INTRODUCTION

Blown extruded polyethylene films used for green-
house coverings experience a rapid degradation when
exposed outdoors. An extended exposure time leads
to a drastic decrease in mechanical strength.'?

The aim of this work is to study the dynamic me-
chanical properties evolution and the change in the
anisotropic character of naturally weathered LDPE
films in the process relating two different experimen-
tal approaches: physico-chemical and mechanical.

Being a semicrystalline material, polyethylene is
constituted by two solid phases: one is amorphous
and the second is crys’calline.3 On a microscopic scale,
the only chemical reactions able to affect the mechan-
ical properties are oxidation, crosslinking, and chain
scissions. These reactions occur mainly in the amor-
phous phase of the material. Crosslinkings cause
LDPE to become a three-dimensional polymer. How-
ever, crosslinkings do not extend a long time and take
place only at the beginning of the exposure. The char-
acteristic effects of crosslinking on mechanical prop-
erties disappear after a short time corresponding to
vinylidene consumption.*?

In addition, since polyethylene is a polymer com-
prised of saturated units, it is considered that aging
leads mainly to chain scissions, with crosslinkings
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playing only a secondary role in the degradation.’
Consequently the chain scissions lower the average
molecular weight, and moreover the molecular weight
distribution is also modified and the polydispersity
ratio decreases with exposure time.°

The increase in concentration of low molecular
weight chains can affect the mechanical resistance and
leads to a drastic modification of the mechanical prop-
erties even for a very slight average molecular weight
change.”” The increase in crystallinity during photo-
oxidation is caused by the diffusion of short chain
segments to crystallites. This morphological change
can lead to micro-crack formation, and lowering of the
mechanical properties at the breaking point.”

Concerning the mechanical characterization, it is
conducted by means of a nondestructive dynamic
method based on ultrasonic (US) wave propagation in
the material. The US technique involves material de-
formation at a high strain rate of 10° s~ but at very
low deformation magnitude.

Ultrasound has in the past been used for the char-
acterization of the dynamical properties of oriented
polymers,®>® and low frequency oscillation methods
have been applied to polyethylene,'’~'* but seldom
have either of these techniques been applied to poly-
mers weathered under severe conditions.

This article points out that the material response to
such excitations makes the calculation of the elastic
and the dissipative parts of the dynamic properties in
tension and shear deformations modes possible. The
latter properties are quite difficult to obtain under
traditional uni-axial tensile test.
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EXPERIMENTAL PROCEDURES

Material, samples preparation, and weathering
procedure

A low-density polyethylene (B24/2, ENIP Skikda, Al-
geria) without stabilizer was used for the production
of blown extruded films for greenhouses covering.
The drawing speed of the production process was
fixed at 9 m/mn, the bubble diameter was 4.4 m, and
the wall thickness was about 180 um. It is known that
the films produced by the blow extrusion process are
subjected to molecular orientation.'* Consequently the
properties in the extrusion direction depend on the
draw down ratio (DDR) and those of the transverse
direction to the blow up ratio (BUR).

The films were mounted on a wooden panel, facing
the south and inclined at 45° (NF T51-165) and ex-
posed to sunlight for periods of up to 8 months, from
October 1999 to June 2000, at Laghouat, Algeria (38°
48" N). A sampling was done approximately bi-
monthly (0, 2, 3, 4, 6, and 8™ month).

IR spectroscopy

The spectroscopic analysis was performed for each
sample on a Fourier transform infrared apparatus
(FTIR) (Nicolet 210) and the optical density (OD) of
the chemical species was determined from the corre-
sponding absorption spectrum.

Nondestructive evaluation

This section concerns the nondestructive evaluation of
dynamical properties of the polyethylene films. The
theory concerned with the US wave propagation and
the experimental device adapted to this purpose are
dealt with below.

Assumptions and theory

Because the films studied are 180 um thick and LDPE
is well known to be a viscoelastic medium, the thin
plate assumptions are valid.’> However, in order to
render this technique applicable to a large variety of
materials, we assume the material mechanical behav-
ior to be orthotropic and viscoelastic. In this case, the
intrinsic stiffness matrix has nine independent com-
plex components ¢; = cj; + i cj; (* = —1) under
harmonic excitation. Their real parts c;; are related to
the material elastic character, their imaginary parts cj;
represent dissipative effects.'

It has been shown that the technique described
here'” allows principally the calculation of four equiv-
alent stiffness constants.'”” Two of them, a,, and a,,,
correspond mainly to the propagation of US plane
waves along the anisotropic principal axes. The third
one, ay,, represents a coupling effect applicable to
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propagation between the x; and the x, axes and a4 is
associated with the shear deformation mode.

The “rigidities” called a;; are the following nonlinear
combinations of the complex elastic stiffness c;; (eq.1):

2 2
_ C13 _ €23 _
an = Cn — Ay = Cop — a1y = C12
C33 C33
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Experimental set-up

The experimental set-up developed for the thin poly-
meric film characterization is based on the generation
of low frequency quasi-plane waves. These waves are
transmitted and received by means of two sets of
contact piezoelectric transducers, which are arranged
differently for each mode. Each transducer has an 80
kHz central frequency and a 42 mm? effective area.
The working surface of each individual transducer
generates a quasi-unidirectional displacement on the
upper side of the plate. Therefore there are no dis-
placement conditions other than those imposed by the
emitting transducers.

One test performed on the acoustical experimental
set-up allowed recording a series of waveforms corre-
sponding to varied propagation distances (ds, and
ds0) and 25 directions varying with a 15° angular step
(Fig. 1) for each mode.

The signal analysis consists of performing the cor-
relation of waveforms acquired for 6 different propa-
gation distances, 25 different directions, and 2 propa-
gation modes. Then, the corresponding velocities C
and the spectral amplitude ratios R are calculated.'>'”
This allows for reducing the terms A related to the
wave attenuations (k"). Finally, the a; were obtained
by numeric optimization using the k” values.

The average velocity of all the samples measured in
the direction (0 = 0) for the QS, mode is about 1.2
km/s and 0.6 km/s for the QSH, mode. The attenua-
tion values obtained for the same direction and the
same modes are about 6.7 m~ and 9.3 mfl, respec-
tively. These are in good agreement with the litera-
ture.'?

PHOTOCHEMICAL ASPECT OF WEATHERING

The exposure of the PE films to UV light leads to rapid
oxidation. The carbonyls (1720 cmfl), which are
absent from the IR spectrum of the unexposed mate-
rial, appear and increase rapidly after a few weeks
(Fig. 2). This effect is followed by the growth of the
absorption band at 910 em™ of the vinyl groups
(CH,~CH—R), the concentration of which increases
progressively with the exposure time. These terminal
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Figure 1 Transmission modes of S, and SH, waves between emitting and receiving transducers.

groups come mainly from the photolysis of carbonyls
via the well-known Norrish type II reaction.”'®

Vinylidene, (R—R'—CH=CH,) at 888 cm~,
present in the starting sample decreases progressively
with the exposure time. The consumption of this
chemical species is due to its reaction with alkyl rad-
icals (RH°) leading to crosslinking. This restricts the
chain segments mobility between entanglements.*

Because crosslinking is predominant in the begin-
ning of the exposure, it follows that for a longer ex-
posure time the chain scissions become more impor-
tant. However, the scissions are expected to play a
significant role in weakening the sample because they
modify the molecular weight distribution (MWD) and
the polydispersity ratio (P = Mw/Mn) decreases with
the exposure time.°

Consequently, as said before, the increase of the low
molecular weight chain concentration is known to
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Figure 2 Optical density (OD) of carbonyls (1720 eam™),
vinyls (910 cm™ ), and vinylidenes (888 cm™ ) versus expo-
sure time.

lead to a drastic loss of the quasi-static material me-
chanical strength.>”'® In the two following sections
we describe the mechanical phenomena accompany-
ing the chemical changes using an US characteriza-
tion.

EFFECT OF WEATHERING ON THE
PROPAGATION OF US WAVES
IN LDPE SAMPLES

This section presents the waveforms related to each
propagation mode S, and SH, measured in (6 = 0)
direction. The signals are represented in a temporal
window with an arbitrary origin (Fig. 3). The two
waveforms have a different shape according to the
generated mode. Their correlation allows the calcula-
tion of the wave phase velocities and their associated
attenuations for each mode.

Aging effect on acoustic wave velocities

Velocity measurements on the propagation modes
QS, and QSH, for three aging stages and for each
chosen direction of the film plane have been per-
formed (Figs. 4 and 5). The polar representations for
each propagation mode show a weak anisotropic dis-
tribution and an increasing phase velocity with expo-
sure time.

The average velocity of the QS, mode in the starting
sample is equal to 1.21 km/s and becomes 1.26 km/s
at the last stage of aging. For the QSH, mode, the
starting velocity is equal to 0.59 km/s and reaches 0.65
km/s at the end of the exposition.

Aging effect on damping

The attenuation term, corresponding to the imaginary
part of the wave vector (see EXPERIMENTAL sec-
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Figure 3 Waveforms with reference to the quasi-longitudi-
nal QS, and the quasi-shear QSH, modes for unexposed
polyethylene (6= 0°, d = 121 mm, arbitrary time origins).

tion), gives a good insight into the energy dissipation
associated with the material viscosity character.

In Figures 6 and 7 the modulus of the attenuation
vectors of the two propagation modes are reported for
three aging stages. As with the phase velocities, they
show an anisotropic distribution. The change in this
modulus is neither monotone nor isotropic when suc-
cessively considering each aging stage. However, for
the two propagation modes, the attenuation vector
modulus decreases on the whole, with exposure total
time in each direction of the film plane. In addition,
the US wave attenuation is known to decrease with
the material stiffening.'’
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Figure 4 Phase velocities measured in the QS, mode, for
three aging stages (0, 4, and 8 months), of LDPE films.
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Figure 5 Phase velocities measured in the QSH, mode, for
three aging stages (0, 4, and 8 months), of LDPE films.

The optimization performed with the 150 sets of
measurements (C,, and A,) leads to the equivalent
stiffness a;;, where aj; is the elastic component and a7;
refers to the viscous character of material.

ACOUSTIC STIFFNESS CONSTANT
CHANGE WITH AGING

The variations of the four stiffness constants aj;, a5,,
a1, and agg versus exposure time are reported in Fig-
ure 8. The stiffness constants a;; and aj, are relative to
the wave propagation along the principal axes of the
film plane, which corresponds to the longitudinal and
the transverse direction, respectively. In the figure, it
can be observed that the stiffness constant a1, is lower
than aj,. One also notes that the rate of increase of the
stiffness constants varies into three different stages.
During the first stage, the increase is small, about 1.3%
for aj; and —0.17% in the case of a},. In the second
stage between the second and the fourth months the
increase is larger, 7.0% for aj; and 6.7% for aj,. Then,

Figure 6 Modulus of the attenuation vector for three aging
stages (0, 4, and 8 months), QS, mode.
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Figure 7 Modulus of the attenuation vector for three aging
stages (0, 4, and 8 months), QSH, mode.

in the last stage, the rate of increase slows down but
remains perceptible, 4.1% and 2.1%, respectively.

The US wave propagation is sensitive to the mate-
rial anisotropy. The stiffness constant values show
that the principal axis of anisotropy is the one corre-
sponding to the transverse direction (a1, < a5,). The
term a;,, which is the coupling factor between the
principal axes, does not undergo marked change dur-
ing aging. The in plane shear stiffness constant ag,
(difficult to determine in a tensile test), increases pro-
gressively by about 18% during the exposure time.

The plotting (Fig. 9) of the dissipation energy terms
a7y, a5y, a’,, and agg versus the exposure time reveals
the variation of the damping character of the material.
We note that the analysis of the aj; and its relation to
the energy dissipation in a viscoelastic medium versus
exposure time is not a simple task since aj; are not
linearly dependant of a{j.15’17’19

The a3, term is higher than the a7, term throughout
the treatment. The coupling factor a7, is lower than the
two first terms but follows the same variation. As for
the stiffness constants a;;, it is also possible to find an
inelastic shear term agq. that does not undergo a no-
ticeable change during the aging.

Stage 2

Exposure time [month]

Figure 8 Stiffness constants aj; versus exposure time.
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Figure 9 Dissipation energy terms aj;

time.

versus exposure

The results presented above strongly suggest that a
LDPE global stiffening occurs and the anisotropic
character of the films is maintained during all the
aging process, whereas the principal axis of anisot-
ropy changes from the machine to the transverse di-
rection.

DISCUSSION

Natural weathering of LDPE films under severe
weathering conditions induces structural modifica-
tions, which affect their dynamic mechanical behavior.

As a matter of fact, the chemical process of aging is
dominated by an oxidative-type reaction, and as it
proceeds, competing reactions of chain scission and
crosslinking take place. The crosslinking reactions,
shown by vinylidenes consumption, are predominant
at the beginning of exposure. Afterwards chain scis-
sion reactions (viewed by the build-up of vinyl
groups) become predominant and occur close to car-
bonyl groups via the well-known Norrish type II re-
action. The chain scissions affect the molecular weight
distribution and lower the polydispersity ratio. This is
accompanied by an increase of crystalline concentra-
tion. As a consequence, the mechanical properties
measured by the acoustic method are sensitive to the
anisotropic character of the films and to the photo-
chemical governed morphological transformations.

It follows that the anisotropic behavior of the films
is probably due to chain orientation during the pro-
cessing, which is more important in the transverse
direction. This anisotropic character estimated by the
ratio (a5,/41,) remains always greater to one and var-
ies with aging (Fig. 8).

The mechanical properties were found to vary in
three different stages, which could be linked to spe-
cific chemical reactions. Concerning the first one, the
a;; stiffness constants increase coincides with the pre-
dominant crosslinking reactions in the beginning. At
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the same time a significant drop of the energy dissi-
pation terms occurs.

The observed drastic increase of the stiffness con-
stants might be connected to chain scissions. In this
second stage they become more important and cause a
global crystallinity concentration increase via a
chemocrystallization process. This is accompanied by
the increase of the energy dissipation terms.

In the third advanced aging stage, a variety of oxi-
dation products such as acids, esters, peresters, perac-
ids, and so on, appears. In spite of the stiffness con-
stants continue to increase slightly while the energy
dissipation terms decrease in a first step, then stabi-
lize. The explanation could relate to the well-known
complexity of the accompanying oxidation process,
which involves an indistinguishable competition be-
tween crosslinking and chain scission reactions.*”

CONCLUSION

The change undergone by the molecular structure (ox-
idation, crosslinking, and chain scissions) of naturally
weathered LDPE in the Sahara modifies the morpho-
logical structure of polymer. The US technique, which
is a nondestructive method, allows following the ef-
fect of this modifications by measuring the velocities
and the attenuations of waves propagating through
the material.

Unlike tensile testing, this technique allows for the
measurement of four local stiffness constants and four
energy dissipation terms. These are sensitive with ag-
ing to the global stiffening and give good insight into
the anisotropy ratio changes. At an advanced stage of
aging, it can be difficult to clearly relate the stiffness
evolution and the structural modifications, although
this technique still shows an increase in stiffening.

CHABIRA, HUCHON, AND SEBAA

The sensitivity of this dynamic method to the aniso-
tropic character of films is due to the fact that US
waves travel by molecular interaction, making it sen-
sitive to minute changes in the material structure,
even for very degraded films, because it is intrinsically
a measurement method generating very small me-
chanical perturbations.
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