Tatjana Haramina
Lovro Fulanovié
Jelena Macan

https://doi.org/10.21278/TOF.43401
ISSN 1333-1124
eISSN 1849-1391

EFFECT OF WEATHERING ON DYNAMIC MECHANICAL
PROPERTIES OF THE MULTILAYER POLYAMIDE//ETHYLENE
VINYL ALCOHOL COPOLYMER//POLYAMIDE//POLYETHYLENE
FILM

Summary

Commercial co-extruded multilayer film of 25 um thickness was tested for use as an
airborne module. The module in a form of a cylindrical balloon rotates at high altitudes in
order to convert wind energy to electrical energy. The film consists of low-density
polyethylene, ethylene vinyl alcohol copolymer, two layers of polyamide 6
(PA6//EVOH//PA6//LDPE) and tie layers between them.

The asymmetric film was aged in a weathering chamber at room temperature, with
either the PA6 surface or the LDPE surface directly exposed to the xenon-arc light. The
exposure of 1000 hours to a rainy and a sunny cycle ruined the film; therefore, the film was
exposed to shorter sunny cycles only, for 3, 6, 16, 44, and 67 hours. The effect of solar
radiation on tensile properties was tested in the machining and transverse directions by means
of tensile testing at room temperature and dynamic mechanical analysis (DMA) at
temperatures ranging from 83 to 373 K. In order to get a better insight into structural changes,
the Fourier transform infrared spectroscopy (FTIR) analysis is performed. Water vapour
sorption and the melting temperature range of the unexposed film were determined by means
of thermogravimetric analysis (TGA) and optical microscopy, respectively.

The tensile tests indicate a high anisotropy of the coextruded film. After irradiation,
there is an increase in crystallinity degree. Kinetics of crystallization and hence the
mechanical properties depend on the exposed surface.

Key words: Multilayer film;, Weathering, Mechanical properties; Viscoelasticity,
FTIR spectroscopy

1. Introduction

Lightweight design is in growing demand. The main reason for that is a reduction in
energy consumption, but it is also the functionality of certain structures that requires a mass
reduction. An example for the latter is a rotating balloon that is a part of a structure for future
technologies for renewable energy sources based on wind energy. The cylindrical balloons
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used as buoyant objects are filled with a light gas, such as hydrogen, helium or nitrogen, and
rotate at altitudes between 0 and 2000 m passing through big temperature changes. Besides
the demands for acceptable mechanical, barrier properties and low density, there are particular
demands on such a product due to the fact that the outdoor use includes a large temperature
range, especially if it is intended for higher altitudes. The exposure to the outdoor conditions
requires resistance to solar radiation, mostly in the ultraviolet (UV) spectrum, and to moisture.
The actual temperature to which objects that are used at altitudes from zero to several
thousands of meters are exposed changes significantly. In addition, the geographical location
and the season have an influence on the humidity, temperature, and UV intensity. Due to their
low density compared to other structural materials, polymeric materials are often a good
choice for lightweight structures, but they are often sensitive to UV light, moisture, biological
agents, and pollutants. Furthermore, a great deal of their properties does not only depend on
the degradation due to the UV exposure or the plasticizing effect of moisture, but they also
greatly depend on temperature, especially those near the glass-transition.

The co-extruded multilayer polymer film Heptax (Gunze) was considered as a possible
choice. The film is asymmetric as it has polyamide (PA) and polyethylene (PE) as outer layers
plus ethylene vinyl alcohol polymer (EVOH) layer and an additional layer of PA as inner
layers. EVOH has good barrier properties, which prevent gas migrations in the balloon and
out of it [1]. Compared to other polymers, EVOH has very good UV stability. PA 6 is an
aliphatic polyamide which should be stable to wavelengths above 300 nm; however
chromophore groups formed during manufacturing absorb UV light at 320 nm and form
radicals, which leads to degradation [2]. It is common knowledge that PE is a polymer which
is sensitive to UV degradation. Both EVOH and PA have good mechanical properties, with a
slight advantage of the latter. Low-density polyethylene (LDPE) and PA are outer layers
because LDPE allows thermal bonding and PA allows printing on its surface. The sensitivity
to moisture of EVOH and PA is very well described in literature and this effect has a strong
influence on the material response to mechanical stresses. [3,4]

There were two main goals of this study: one was to test the effect of weathering on the
structure and properties of the multilayer film and the other was to test whether there were
any differences in the behaviour of the material with respect to the way the film was oriented
(the machining or the transverse direction) and to the surface (PA or PE) facing outwards.

From the tensile test results it is clear that co-extrusion causes the anisotropy of the
film. The weathering cycles influence the structure, which leads to an increase in the
crystallinity degree and this, in turn, affects the mechanical properties and water sorption.
Although the film is only 25 um thick and transparent, the kinetics of crystallization depends
on the surface (PA or PE) directly exposed to irradiation.

2. Experiment

2.1 Materials

The multilayer polymer film under the commercial name Heptax (purchased by Gunze
Limited) consists of seven biaxially-oriented co-extruded layers of five different
compositions, four of them being polymer layers and three tie-layers between them. The film
thickness is 25 um and its composition is polyamide (PA 6)// ethylene vinyl alcohol
(EVOH)// polyamide (PA 6)// low-density polyethylene (LDPE). The film was co-extruded
using a T-die. Heptax resists stretching and this property makes it appropriate for applications
with pressure differences. Its specific weight is 26.23 g/m” and the density is 0.953 g/cm”.
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2.2 Weathering

Samples were aged using a Suntest XLS+ (ATLAS), equipped with a xenon-arc lamp,
simulating solar radiation. The irradiance on the surface of the tested samples was of
wavelengths between 300 nm and 800 nm, covering both the UV and the visible light, while
the light intensity was 550 W/m?. The first tests performed for 1000 hours with rainy and
sunny periods according to EN ISO 4892-2 resulted in the disintegration of the film. In order
to decouple the effects of sunny periods from those of rainy ones, the same material was
exposed only to the sunny periods for shorter irradiation times of 3, 8, 16, 44, and 67 hours,
with doses of 5 869 kJ/m*, 15 791 kJ/m®, 31 630 kJ/m’, 86 982 kJ/m’, and 132 450 kJ/m’,
without rainy cycles. The temperature of the chamber was maintained at 308 K and that of the
reference black body (black standard) at 338 K.

2.3 Techniques

2.3.1 Tensile tests

Co-extrusion of films and successive drawing resulted in anisotropy [5]. This was
confirmed by the tensile strength testing according to EN ISO 527-3. The tensile tests of films
and fabrics were performed on a test machine, manufactured by VEB Thiiringer Industriewerk
(DE), with the accuracy class 1.0 in the measurement range 0-950 N. Sample preparation
included the cutting out of the film in a rectangular shape 15 x 150 mm and the checking of
all edges by a magnifying glass in order to avoid a stress concentration due to irregularities.
The samples were placed in the tensile test machine with a distance between grips of 100 mm.
The test speed was 50 mm/min. Both the machining and transverse directions were tested.

2.3.2 Dynamic mechanical analysis (DMA)

DMA measurements were carried out on a Triton Technology DMA instrument using
tension clamps for rectangular samples. The length of the samples was 20 mm and the width
was 3 mm. The span between the clamps was 7.5 mm. Experiments were performed at a
frequency of 1 Hz and at temperatures ranging from 83 to 373 K. A frequency of 1 Hz was
chosen for the DMA according to the majority of available publications, but the tests
performed on thin films showed smoother curves at frequencies of 10 or 100 Hz.
Temperatures of 83 K were reached by means of liquid nitrogen at a cooling rate of 10 K/min.
Measurements were performed in the heating cycle, at a rate of 2 K/min. A sinusoidal
displacement was applied with amplitudes ranging from 16 to 18 um. Due to the confirmed
anisotropy, DMA was performed both in the machining and the transverse direction.

2.3.3 Fourier transform infrared (FTIR) spectra

FTIR spectra of the materials were recorded on a Bruker Vertex 70 FTIR spectrometer
in the attenuated total reflectance mode. The spectra were obtained using a resolution of 1 cm’
! averaged over 24 scans between 400 and 4000 cm™. All films were characterized from both
sides - the one directly exposed to the radiation, and the opposite one.

2.3.4 Water vapour sorption

The water vapour sorption of Heptax was examined by means of a thermal gravimetric
analysis (TGA Q5000, TA Instruments). The cycle included drying at 0 % of relative
humidity followed by absorption at 333 K and 60 % of relative humidity, and then completed
by desorption. The temperature during drying increased from 298 to 333 K in about 35
minutes and after that it was kept constant. The mass of the 25 um thin sample was 5.871 mg.
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2.3.5 Melting temperature ranges

The melting temperature ranges of each layer were analysed by means of an optical
microscope with a heating plate instead of a stage and with a thermometer included
(Nagema). The temperature rate was controlled by means of a resistor which was set to 4
°C/min. The films were placed between two microscope slides and observed during heating.

3. Results and discussion

In order to test the stability of the film it was first conditioned for 1000 hours in the
Xenon exposure system with rainy and sunny periods according to EN ISO 4892-2. After the
long weathering, the film disintegrated and was not appropriate for mechanical tests.
Therefore, the kinetics of the degradation was analysed for shorter sunny cycles.

3.1 Tensile test results

Tensile tests proved a high anisotropy related to the direction of the force applied. The
results in Table 1 represent tensile strength in two perpendicular directions and tensile force
per width for the films of 25 pm thickness. The maximum force per width (and tensile
strength) in the machining direction is about half of that for the transverse direction; however,
the yield stress in the transverse direction is lower than that in the machining direction. In the
case of uniaxial orientation, molecular orientation in amorphous polymers may influence the
tensile strength by a factor of 3.[6] The film is biaxially oriented as a consequence of drawing.
The large difference proves the anisotropic properties of the film, but it is not clear whether
all the layers are affected in the same manner. However, it is the LDPE that has a low tensile
strength compared to that of PA 6 and of EVOH; hence, its influence on the result is not big
and the large difference originates from PA 6 and EVOH.

Table 1 Tensile properties of the film in two perpendicular directions.

Tensile stress direction Machining Transverse
Tensile strength, MPa 31.9+0.1 71.244.5
Tensile force per width, N/mm 0.80 1.78

3.2 Dynamic mechanical analysis (DMA)

The dynamic mechanical properties are tested by means of the tensile dynamic
mechanical analysis. In the analysis, molecules are mechanically excited and one can observe
different relaxation processes in all the materials included in the multilayer film.

Due to the anisotropic behaviour, dynamic mechanical tests were performed in both the
machining and the transverse direction. Only one surface of all the samples was directly
exposed to radiation, either the LDPE or the PA 6, although it is quite certain that the UV
light coming from the xenon-arc light source cannot be completely blocked by any layer of
such a thin film (only 25 pum thick). The layers can only reduce the intensity by partial
absorption and reflection and this might influence the kinetics of induced reactions. In Figure
1 one can see how the mechanical spectra of both directions (i.e. machining and transverse)
and both exposed surfaces (either PA 6 or LDPE) are affected by radiation for different
exposure times. Figures 2 and 3 show the spectra with respect to the strain direction in the
cases when either the PA 6 surface or the LDPE surface was directly irradiated, respectively.

The mechanically excited complex multilayer film undergoes a great number of
relaxation processes in the large temperature range of almost 300 K. In the application
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outdoors, the film will most probably be exposed to the temperature range between 275 and
325 K. Luckily, it is obvious that radiation has the smallest influence on the mechanical
damping, i.e. tan o, exactly in this temperature range.

At low temperatures from 83 to 175 K, several relaxation processes take place. PA 6 has
a v - relaxation with the peak at 138 K. The vy - relaxation is caused by the segmental motion
in the amorphous region with a small number of methylene groups between the amide
groups.[7] Since the samples were not dried prior to the DMA, there is a so-called water peak
for PA 6 that appears at approximately 143 K at 60 % relative humidity (laboratory
conditions), but its position may shift to higher temperatures with a large increase in the
relative humidity. The same multilayer film was analysed after 28 days of being conditioned
in water. The water-saturated film showed a rather pronounced water peak at 210 K coupled
with the shift of the o — relaxation peak to lower temperatures.[8] Both effects are typical for
PA 6.3] At a temperature of 147 K, the Schatzki relaxation has its maximum. This
mechanism has been observed in many polymers containing linear (CH,) sequences with n=4
or greater and it is typical of polyethylene.[9,10] Isotropic EVOH does not have any
relaxation process in this temperature range; however, according to [11], there is a y -
relaxation at 148 K for EVOH after drawing. This relaxation is visible in both the machining
and the transverse direction.
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Fig. 1 Comparison of loss factor (tan d) of films when either the LDPE or the PA 6 surface was irradiated in
both the machining and the transverse direction, after 3 hours (A) and 8 hours (B).

Irradiation does not affect the position of the peak in the low temperature range. The
relaxation processes take place mainly due to segmental motions. Regardless of the reaction
to radiation, there are still segments of comparable sizes and surroundings with comparable
relaxation times in all layers; hence, the peak position remains the same. The position is
independent of the radiation exposure time, of machining direction or the surface directly
exposed to radiation. However, there are changes in the peak height. This is due to the total
number of segments participating in the relaxation process. With the exception of the peak of
the films stressed in the machining direction after PE was irradiated, in the low temperature
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range, tan 0 decreases with exposure time (Figures 2 and 3). There are changes in the spectra
in both stress directions when the PA surface was exposed but they are similar; hence the
relaxation mechanisms are not affected by the stress direction, but only by irradiation. The
stress direction is of greater importance when the PE surface was irradiated. The machining
direction after the eight hour exposure remained unaffected, whereas fan J in the transverse
direction decreased. This leads to the conclusion that molecular orientation resulting from
processing influences the Schatzki relaxation process. Figure 1 clearly shows that the curves
in the machining direction undergo a drop in tan 6 in the same manner, independent of the
surface which was irradiated. Up to the room temperature, a difference is visible when the
samples were stressed in the transverse direction. The four known relaxation processes take
place at temperatures of 138, 143, 147, and 148 K and they are all covered by the first peak.
After the 67 hour irradiation of the PA surface, one can notice that the peak splits and two
maxima can be distinguished. It is the water peak that is between these two maxima (at 143
K). The joint relaxation peak does not broaden; hence, the water peak does not shift, but
vanishes. This leads to the conclusion that solubility of water molecules in the film decreases
after being exposed to UV for a longer period of time.
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Fig. 2 Temperature dependence of loss factor (tan 8) in the machining (A) and the transverse direction (B)
in the case when the PA 6 surface was exposed to xenon-arc light for different periods of time

The temperature range between 175 and 275 K includes several relaxation processes as
well. At 208 K, the  — relaxation of PA 6 has its maximum. This relaxation is assigned to the
motion of non-bonded amide groups in the amorphous region.[7] At a temperature of 253 K,
LDPE undergoes the § — relaxation assigned to the amorphous regions of this semi-crystalline
polymer or to the contribution of the side chains.[9] In their study, Kline et al.[12] also
suggested that the B - relaxation was associated with the relaxation of side groups or a short-
chain branch. Although it was reported that EVOH has its B — relaxation peak at the same
temperature [13], measurements that were performed on EVOH monolayer films showed that
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this peak appears already at 230 K, regardless y of the content of vinyl alcohol [3]. The B —
relaxation is ascribed to large-scale molecular motions of non-hydrogen-bonded chain
sequences [13]. Measurements performed on the EVOH monolayer film with a different PE
content under the same conditions showed that the film with a larger amount of PE (that is not
hydrogen-bonded) has a more pronounced peak at 230 K. According to the available
literature, the three above mentioned processes are attributed to the relaxation of larger chain
segments and side groups in the amorphous phase. Irradiation of the PE surface of films
stressed in the machining direction did not influence this region. However, when the film was
stressed in the transverse direction, the effect of weathering could be noted after only 3 hours
of exposure and the prolonged exposure did not contribute to any further change. The value of
tan O exhibited a significant drop. This was not the case when the PA surface was exposed.
When the PA surface was irradiated, a drop in tan ¢ in both directions occurred only after a
longer time of exposure. The late response in the case when PA was directly irradiated leads
to the conclusion that it is the B — relaxation of LDPE that is affected. However, here again,
the effect is strongly dependent on the stress direction in the same manner as it was at lower
temperatures (i.e. the curves for the machining direction undergo a drop in fan o regardless of
the surface which was irradiated and a difference is visible when samples were stressed in the
transverse direction).
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Fig. 3 Temperature dependence of loss factor (tan 8) for the machining (A) and the transverse direction (B)
in the case when the LDPE surface was exposed to xenon-arc light for different periods of time

At temperatures above 293 K, all three materials in the film go through relaxation
processes as well. However, an overall trend in changes caused by irradiation is different from
that at lower temperatures.
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Fig. 4 Temperature dependence of loss factor (tan &) for the transverse direction. The LDPE surface was
irradiated for 3 h and the PA 6 for 67 h. There is a large region of overlapping.

Fig. 5 Temperature dependence of loss factor (tan 6) for the machining direction. The LDPE surface was
irradiated for 3 hours and the PA 6 for 67 hours. The overlapping occurs only above 300 K.

At a temperature of 325 K, there is a peak for polyethylene that is attributed to its
crystalline phase.[9] At 333 K, the long-chain segmental motion in the amorphous region of
PA 6 takes place as a result of rupture of hydrogen bonds between the polymer chains and this
is the glass transition of PA 6.[7] Measurements performed on the EVOH monolayer with low
moisture content (i.e. laboratory conditions) showed the glass transition peak at 343 K. The
EVOH monolayer has an additional peak at approximately 373 K, which is the o’ - relaxation
attributed to molecular motions in the crystalline phase.[4,13,14] At temperatures between
300 K and 350 K, the glass transitions of both PA 6 and EVOH take place and there is a
relaxation process related to the PE crystalline phase. The maximum of the joint peak for the
tested multilayer film is at 333 K. This is due to the fact that there are two layers of PA 6;
hence, the relaxation peak attributed to its glass transition temperature is more pronounced
than that of EVOH.

At the temperature range 300 K - 350 K, one can notice both an increase in the value of
tan O and a shift to lower temperatures of both peaks (333 K and 373 K). These effects are
influenced by a higher mobility in the near-T, region. However, between 300 and 350 K, the
PE surface is more affected by the temperature than the PA surface (Figures 2 and 3). Since
PE does not undergo glass transition in this temperature range, it is not only the 7, that is
influenced by irradiation, but also the crystalline phase in PE. The crystalline phase in EVOH
is strongly affected as well. The respective peak at 373 K undergoes the largest shift
regardless of the direction of irradiation or the surface that was irradiated (Figures 2 and 3).
The increase in the height of the peak attributed to the crystalline phase of stretched EVOH
indicates that there was an increase in the crystallinity degree of EVOH as well, but the shift
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to lower temperatures means that the activation energy for this relaxation process decreases.
This might be caused by defects in the newly established crystals. From the intensity of the
shift (Figure 1) it is obvious that the relaxation in the transverse direction takes place at
slightly lower temperatures. The probable reason for that is that the crystalline phase in
EVOH, a copolymer of ethylene and vinyl alcohol, has a preferential orientation [15] and its
mobility is higher when the material is stressed in the transverse direction than in the
machining direction. Although the stiffness of the film at high temperatures is too low for the
majority of applications, the information on higher sensitivity of the crystalline phase of
EVOH to the stress direction gives an insight into the change that is important for this
material that is often used as a gas barrier.
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Fig. 6 Storage modulus for the machining direction (MD) and the transverse direction (TD) in the cases when
either the PA 6 (A and B) or the LDPE surface of the film was directly exposed

A large overlap of tan 0 was noticed in two films, when the PA surface was exposed for
67 hours and when the PE surface was exposed for 3 hours (Figures 4 and 5). In the
machining direction, the similarity was observed in the whole temperature range, whereas in
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the transverse direction, excellent overlapping was observed in the whole range except for
temperatures between 175 and 275 K. Polyolefins are known for their sensitivity to photo-
oxidation when chain scission and cross-linking take place and result in cracks. [4] The layers
of PA 6 and EVOH delay their degradation which was accelerated in the weathering chamber.
The main advantage of LDPE is in its excellent welding properties, but the EVOH layer
should be on the inner side when the film is exposed to the outdoor conditions.

The storage modulus measured by the DMA (Figure 6) is comparable to that measured
by the tensile test machine and it is of great importance for application. At low temperatures,
the film is very stiff for a polymer and the storage modulus is between 6 and 7 GPa. The
higher the temperature the lower is the value of the modulus (at room temperature, it is about
2.2 GPa). The slope is monotonous with larger kinks at temperatures above 300 K where
relaxation peaks are observed in the fan 6 vs temperature graphs. These kinks mark the onset
of the glass transition of EVOH and PA 6. Similar to the tan o results, the effect of radiation is
modest in the temperature range between 275 and 325 K (the actual temperatures in use);
however the modulus is rather stable at lower temperatures as well. As expected, near the
glass transition, i.e. above the temperature of approximately 325 K, the modulus curve
undergoes a marked change in the slope. At temperatures above 343 K, there is no glassy
region anymore and all the layers are in the rubbery state. The value of modulus decreases by
one order of magnitude compared to that at 83 K; a temperature rise of only 50 K results in a
further drop by an additional order of magnitude.

Exposure to the solar spectrum makes the film stiffer, which leads to an increase in the
storage modulus. Although tan ¢ (i.e. molecular mobility) at higher temperatures increased
with the exposure time, the moduli of the exposed films start to decrease at higher
temperatures. In addition, the drop is slower than that of the unexposed film. The increase in
the storage modulus and a shift of the glass-to-rubber transition to higher temperatures
indicate less flexible segments. The shift in the onset and in the milder slope is due to the fact
that the crystallinity degree increased, leading to a less amorphous phase that undergoes the
glass-to-rubber transition. The shift in the onset to higher temperatures was probably due to
the cross-linking.

3.3 Fourier transform infrared (FTIR) spectroscopy

Information on chemical changes in the irradiated film was obtained by the FTIR
analysis.

Figures 7 and 8 show the spectra of the films when the PE surface was analysed by the
FTIR spectroscopy. In Figure 7 it was the PE surface that was directly irradiated, while in
Figure 8 it was the PA side.

The FTIR spectra of PE show characteristic bands of C-H stretching (asymmetric and
symmetric) at 2916 and 2848 cm™, bending deformation at 1462 and 1473 cm™', and rocking
deformation at 719 and 730 cm™. Presence of the band at 1366 cm™ indicates a level of
branching within the polymer [16], and branching is typical of LDPE.

The duration of the exposure has little influence on the spectra of PE. The intensity of
C-H stretching bands decreases slightly, but since this is not accompanied by the appearance
of bands of carbonyl (~1710 cm™) or vinyl groups (1630, 970 cm™), the decrease cannot be
ascribed to the oxidation or depolymerization of PE. This decrease is also somewhat less
marked on the unexposed surface of the film in comparison with the exposed side, but in
general there is no difference between the spectra of the exposed and the unexposed side. The
lack of a visible change in the FTIR spectra does not mean there is no degradation: the main
chain scission and the resulting cross-linking cannot be identified by the IR spectroscopy.[17]
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it was directly irradiated
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Fig. 11 The first part of the FTIR spectra of the PA surface depending on the exposure time in the case when the
PE surface was directly irradiated
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Fig 12 The second part of the FTIR spectra of the PA surface depending on the exposure time in the case when
the PE surface was directly irradiated

When PA is concerned, there are two regions of interest that are shown in Figure 9 and
Figure 10 in the case when the PA was the surface that was irradiated and in Figure 11 and
Figure 12 when it was the PE surface that was irradiated. The FTIR spectra of polyamide
show characteristic amide bands, as well as bands of C-H stretching at 2930 and 2850 ¢cm™
and N-H stretching of primary and secondary amines at 3297 cm™. Amide bands are: C=0
stretching (amide I, 1632 cm™), N-H in-plane bending (amide II, 1540 cm™), the mixture of
C-N stretching and in plane N-H deformation (amide III, 1372 and 1263 cm™), C—C=0
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stretching (amide IV, 958-952 cm™) and N-H out-of-plane bending (amide V, 690 cm™). The
amide B (amide II overtone) band, due to the stretching of —-C—N groups, can also be observed
at ~3065 cm™.[18-20]

Unlike PE, PA shows a considerable change in the spectra after weathering. There is a
significant decrease in the C-H stretching bands at 2930 and 2850 cm™, while the N-H band
decreases and shifts to 3300 cm™. Amide I and II bands shift from 1632 to 1639 and from
1540 to 1534 cm™, respectively, which indicates decreased hydrogen bonding.[21] The band
at 1730 cm™, which can be ascribed to the C-O stretching in esters,[22] disappears with
exposure. The disappearance is completed already after 3 hours on the exposed side, but the
band is still present on the unexposed polyamide surface (Figure 13). A similar effect is also
visible in the decrease in the C-H and amide I bands, which is more pronounced on the
exposed surface after 3 hours, but after 16 hours of exposure, the difference between the
exposed and unexposed sides disappears.

exp PE 3h
exp PA 3h

Absorbance

L i 1
1500 1600 1700 1800
Wavenumber [cm’']

Fig. 13 Comparison of spectra after 3 hour exposure in the case when either the LDPE or the PA 6 surface was
irradiated for 3 hours.

Long exposure also leads to considerable differences in the fingerprint region. Bands at
928, 1125, 1200, and 1263 cm’! increase, while those at 960, 1030, 1140, and 1215 cm’!
decrease. This indicates a change (an increase) in the degree of crystallinity.[17,19,20,23] The
disappearance of the water peak in the DMA spectrum indicates that the solubility of water
molecules in PA 6 decreased. These two results are in agreement since it is the amorphous
phase that has a larger amount of free volume available for water molecules. In the area of C-
H deformation vibrations, the bands of CH, in-plane bending at 1463 and 1418 cm™
(attributed to the scissoring vibration of the CH; unit next to the NH and to CO groups,
respectively)[19,20] also decrease, while the bands at 1372 and 1450 cm™ increase.

3.4 Water vapour sorption

Water vapour sorption was performed since the DMA measurements were not
performed in a vacuum and the samples contained a certain amount of vapour.

It is well known that EVOH and PA will absorb vapour. Their properties are affected by
the amount of free volume that is influenced by the vapour content.[4,24] Due to absorption, the
mass of saturated PA 6 increases by 10 %,[3] whereas the water vapour absorbance of EVOH is
influenced by the ethylene content. From the melting temperature range it is clear that the tested
EVOH has low ethylene content. Since PE is non-polar and hydrogen bonds are established
between the hydroxyl groups present in the vinyl alcohol fraction, the higher PE content would
decrease the vapour absorbance of vinyl alcohol.[4] The absorbance of polyethylene itself should
not be an issue because even if it absorbs some water vapour, it is the existence of hydrogen
bonds between a polymer and a water vapour molecule that causes changes in properties.[3]
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Fig. 14 The water vapour sorption test performed by TGA

The cycle is shown in Figure 14. It has three steps: drying, absorption, and desorption.
The measurement shows that the mass fraction of the absorbed water vapour at 60 °C and 60
% relative humidity is in the 1.38 = 0.03 mass %. The mass after drying is 1 pg or 0.017 mass
% higher than after desorption. It is probably due to the fact that during the first 35 minutes of
drying the temperature was below 60 °C; this might be related to a slight swelling during
absorption. Prior to the measurement, the film was stored at 20 °C and 60 % relative humidity
(laboratory conditions). From the drying cycle it is clear that in these conditions the film will
absorb approximately 1.04+0.03 mass %.

From the drying cycle it is obvious that at room temperature the mass fraction of water
vapour in the sample is less than 1.1 %.

3.5 Melting temperature range

The first range observed was 383 to 388 K, the second was 479 to 488 K, and the third
was 495 to 500 K. According to reference [25], LDPE has the melting temperature range from
378 to 388 K, while the PA 6 has the melting point at about 496 K,[6]; however, EVOH
usually has lower melting temperature than the temperatures observed here. The high
temperature indicates a low PE content in EVOH.

4. Conclusion

Mechanical properties of polymers are strongly influenced by temperature changes. The
change in mechanical properties is by no means monotonous. The coextruded film exhibits
large anisotropy, with an advantage of the transverse direction. The tested multilayer film
when used outdoors should be turned with the PA surface facing outwards. Although the
standardized 1000 hour weathering in a chamber with an exchange of ,,sunny* (UV exposed)
and ,,rainy* (demineralized water) cycles resulted in the disintegration of the tested film, the
exposure of 67 hours only to UV light did not cause any dramatic visible change. This is due
to the fact that PA is more sensitive to UV-induced oxidation in combination with rainy
cycles [4] and the stability of PA in outdoor use is highly dependent on the number of rainy
days. Maintenance costs are strongly influenced by changes in properties during the outdoor
use. The selection of the film for a particular purpose should be governed by the number of
sunny days, the irradiation intensity, and humidity.

The measured results of fan ¢ and storage modulus £’ in dry conditions prove that there
is a certain change in mechanical properties in the actual temperature range in use
(approximately from 250 to 310 K). However, tan 6 around 273 K is hardly affected by
irradiation and this is an advantage for the prediction of energy losses. At temperatures
between 250 and 310 K, the modulus £’ decreases approximately by 50 %. However, after
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long-term irradiation (of about 67 hours), the film becomes stiffer. From the DMA and FTIR
spectra it is clear that the degrees of crystallinity of PA 6 and EVOH increase, whereas the
crystalline structure of low-density polyethylene (LDPE) is affected, but it is not clear
whether it increases as well. The increase in the degree of crystallinity leads to a decrease in
water sorption.

The complexity of the multilayer film hinders a detailed study of molecular dynamics.
For a more detailed analysis, Raman spectroscopy should be performed.
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