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The photooxidation behaviour of low-density polyethylene (LDPE)/polyamide (PA) blends, containing polyamide 11 (PAll) or
polyamide 6 (PA6), has been investigated in the absence and presence of a small amount of commercial organomodified clay
(OMMT). The polymer blends LDPE/PAI1l and LDPE/PA6 at 75/25 wt./wt.%, with and without OMMT, have been prepared
by a two-step procedure: extrusion and sheet formulation. The formulated complex systems have been subjected to accurate
morphological analysis in order to evaluate the effect of the OMMT presence on the refinement of the blend morphology.
Furthermore, the produced sheets have been subjected to arterial UVB exposure and the variations of the mechanical properties
and chemical structure of all the investigated samples have been monitored as a function of the exposure time. Finally, the rate of the
photodegradation of the complex systems has been related to the morphological changes of these systems upon OMMT addition.

1. Introduction

The production of high-performance polymeric-based mate-
rials at a low cost remains a challenging issue from an
industrial point of view [1]. Different strategies have been
proposed in the scientific literature for enhancing the perfor-
mance of the polymeric materials, including the formulation
of polymer blends, the introduction of nanofillers, and the
functionalization of polymers [2-4]. Blending polymers can
be considered as a suitable economical way for the formu-
lation of high-performance polymeric-based materials, since
the proper choice of the blend constituents allows obtaining
multicomponent systems whose properties go well beyond
the limits predicted by the simple additivity rules based
on the single component properties [5]. The macroscopic
performance of polymeric blends can be further improved
through the introduction of nanoparticles, such as layered
silicate [6], carbon nanotubes [7], carbon black [8], and
graphite [9], which, for instance, can enhance the mechanical

properties of polymer-based systems due to their well-known
reinforcement action [10].

As well known, the control of morphology and/or
nanoparticles distribution in the polymeric phases is a key
factor for the obtainment of high-performance polymer-
based systems, as the macroscopic properties of these com-
plex systems are strictly related to their microstructures [11].
Indeed, the achievement of a regular morphology may result
in an unexpected increase of some performance such as
mechanical and/or transport properties.

The introduction of nanoparticles, in particular layered
silicates, in polymer blends can promote their morphology
refinement, since the nanoclays, confined at the interface
between the two polymeric phases, can enhance the inter-
facial adhesion and promote the morphology modifications
from droplet-like to cocontinuous [12-14]. Hence, significant
properties enhancement for immiscible polymer blends con-
taining nanoparticles can be gained due to the synergism
between the reinforcement action of the fillers and the


https://doi.org/10.1155/2017/3549475

blend microstructure changes [15]. The immiscible poly-
olefin/polyamide blends, employed in a variety of packaging
and automotive products, have gained great interest because
of their low cost, good processability, good barrier property
against oxygen and humidity, and mechanical properties
(16, 17]. For this reason, the photooxidation resistance of
polyolefin/polyamide polymer blends is a critical point for
their employment in several outdoor applications [18]. As
well known, the exposure of the polymers or polymer blends
in their use conditions causes their photooxidation, with
a consequent decrease of their macroscopic performance
because of the variation of their chemical structure, molecu-
lar weight, and morphology [19, 20]. This issue is exacerbated
when different kinds of organomodified layered silicates are
added to the polymer-based systems [21, 22]. Indeed, as well
known in the literature, nanoclays have a detrimental effect
on the polymer photooxidation resistance [23, 24]. Different
explanations have been proposed in the literature to explain
the accelerated photodegradation of nanoclay-containing
polymer systems, particularly the thermal degradation of
organomodifiers during processing at high temperatures,
typical for processing of polymers, and the subsequent
formation of acidic sites on the silicate layers [25], the
presence of iron ions in the clay structures, which are able
to catalyze the decomposition of the oxidized species formed
during the photooxidation of the macromolecules [26], and
the inactivation of the stabilizers due to their entrapment
between the silicate layers [27].

According to the literature, the degradation of polyolefin/
polyamide polymer blends is a very complex phenomenon,
which depends on many factors, such as the formation of
radicals coming from the blend constituents and subsequent
uneven recombination between these radicals, the migration
of oxygen, and UV exposure [21]. It is very important to
highlight that the propagation of the radicals, coming from
the more UV susceptible polymer phase, that is, the polyam-
ide, depends on the complex system morphology, which
can favour or slow down the radical propagation. Besides,
the changes of the complex system morphology, upon the
addition of organomodified clay, can lead to the formulation
of heat-resistant bio-based blends based on poly(lactic acid)
[28].

However, also according to the literature, the addi-
tion of organomodified clay to uncompatible polyethylene/
polyamide blends leads to acceleration of the thermome-
chanical degradation and thermooxidation during the melt
processing of these blends [29, 30].

In this work, the photooxidation behaviour of low-
density polyethylene (LDPE)/polyamide (PA) blends, con-
taining polyamide 11 (PA11) (PAll is produced by the poly-
merization of 1ll-aminoundecanoic acid) or polyamide 6
(PA6) (PAG6 is synthesized by ring-opening polymerization of
caprolactam), has been investigated in the absence and pres-
ence of a small amount of commercial organomodified clay
(OMMT). The complex multicomponent polymer systems
have been prepared through an extrusion process to simulate
industrial processing conditions. The formulated sheets have
been subjected to UVB and the mechanical and structural
changes of all investigated systems have been monitored as
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a function of the exposure time. Before the UVB exposure,
accurate morphological and mechanical characterizations
of the complex systems have been performed, in order to
relate the rate of photodegradation to the morphological
refinement of the blends upon OMMT.

2. Experimental Part

2.1. Materials and Blend Preparation. The used materials are
as follows:

(i) Low-density polyethylene, LDPE, (Riblene® FC30,
from Versalis S.p.A., Italy), with density p =
0.922 g/cm? at 23°C and MFI 455 161 Of 0.27 g/10"

(ii) Polyamide 6 (PA6) (Radilon® S, from Radici Group,
Italy), which has density p = 1.13 g/cm® and intrinsic
viscosity [r] = 1.5 dL/g measured at 30°C in 80 vol.%
formic acid

(iii) Polyamide 11 (PA11) (Nylon 11 from Sigma-Aldrich),
with glass transition temperature T, = 46°C, melting

temperature T,, = 198°C, and density p = 1.026 g/cm’
at 25°C

(iv) Organomodified montmorillonite (OMMT) (Cloi-
site® 15A from Southern Clay Products), modified by
dimethyl-dihydrogenated tallow-quaternary ammo-
nium cation, with concentration of the organomodi-
fier of 125 meq./100 g clay and density p = 1.66 g/cm’®

The structural formulas of the used PAll, PA6, and OMMT
are reported in Figure 1. The designations and compositions
of the samples are summarized in Table 1.

The nanocomposite blends were prepared in two steps:
first, the organoclay was compounded with the polymeric
constituents of the blends using a corotating intermeshing
twin-screw extruder (mod. OMC, Italy). The extrudate was
cooled in water at the die exit, dried by air, and then
granulated. The thermal profile was 140-200-240-240-240-
240-220°C for blends containing PA6 and 120-160-210-210-
210-210-200°C for blends containing PA1l; the screw speed
was set to ~100 rpm, corresponding to residence times of the
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TABLE 1: Blends’ compositions.

Composition Processing
Sample P temperature
[wt./wt. + phr.] CC)
LDPE/PA6 75/25 240°C
LDPE/PA6/OMMT 75/25 + 5 phr. 240°C
LDPE/PA11 75/25 210°C
LDPE/PA1l/OMMT 75/25 + 5 phr. 210°C

order of ~150 s. In order to produce sheets for the subsequent
photooxidation analyses, the pellets were extruded again
using a Brabender single screw extruder (D = 19mm,
L/D = 25) attached to a Brabender Plasticorder PLE 651
and equipped with a ribbon head. The thermal profile of
this second extrusion step was 240-240-240°C for blends
containing PA6 and 210-210-210°C for blends containing PAIl
and the screw speed was 50 rpm. The thickness of the samples
was ~85 um. The unfilled PE/PA blends were processed in
the same processing conditions, that is, the same processing
temperatures and screw speeds.

2.2. Characterization. Wide-angle X-ray analyses (WAXD)
were performed at room temperature in the reflection mode
on a Siemens D-500 X-ray diffractometer with Cu Ka
radiation of wavelength of 0.1542nm. A scanning rate of
10°Cmin~" was used. The distance dy,, between the silicate
layers of the organoclay in the nanocomposite blends was
evaluated using Bragg’s condition d,, = nA/(2sin0), where
A is the wavelength, 0 is the angle of incidence of the X-ray
beam, and # is an integer.

The microstructure of the blends was inspected using
a scanning electron microscope (SEM), Leica 420. The
observed cryofractured surfaces of the samples were previ-
ously coated with a thin layer of gold.

Mechanical tests were carried out according to ASTM
test method D882 by using an Instron machine mod. 3365.
The samples, stored for one week at room temperature and
humidity, were tested at 1mm/min up to a strain of 10%;
then, the speed was increased up to 100 mm/min until break.
Young’s modulus, tensile strength, and elongation at break
were recorded, and the data reported represented the average
values obtained by analyzing the results of eight tests per
sample; the variability of mechanical tests was typically of the
order of +5%.

Fourier transform infrared (FTIR) spectra were evaluated
using the Spectrum One Spectrometer by PerkinElmer and its
Spectrum software. The spectra were obtained using 16 scans
and a 4cm™! resolution. The variations of the carbonyl and
hydroxyl band areas were determined from peak absorption
area between 1850 and 1680 cm™' and 3700 and 3300 cm ™',
respectively. Moreover, the variation of peak area at 909 cm™
was monitored (peak area between 980 and 950 cm™).
Measurements were obtained from the average of triplicate
samples.

The artificial accelerated photooxidation tests were per-
formed using a Q-UV chamber mounting eight UVB lamps.

TABLE 2: Interlayer distance for pristine OMMT and OMMT-
containing LDPE/PA blends.

Sample d g (nm)
OMMT (pristine Cloisite 15A) 3.14
LDPE/PAIl/OMMT 3.43
LDPE/PA6/OMMT 3.58

The weathering conditions, in the presence of oxygen, were
8 hours of light at T = 55°C and 4 hours of condensation at
T =35°C.

3. Results and Discussion

The distribution of the OMMT is a key factor for the
morphology refinement and properties variations of poly-
olefin/polyamide blends. As widely documented [5, 21, 22],
the OMMT particles are located preferentially inside the
more hydrophilic polyamide phase and only a small amount,
difficult to quantify, is located preferentially at the interface
between the two polymeric phases.

To correlate the morphology changes of LDPE/PAII and
LDPE/PA6 blends, upon the OMMT addition, with the
rate of photodegradation of these complex systems, accurate
analysis of the structure of the blends has been performed
through XRD and SEM observations. In Figure 2, the SEM
micrographs of the investigated complex systems are shown.
Both unfilled blends, that is, LDPE/PAIl and LDPE/PAS,
show typical globular morphology of immiscible polymer
blends (see Figures 2(a) and 2(c)). The minor polyamide
phase is distributed as spherical droplets inside the polyolefin
phase, although the dimension of the PA6 droplets is about
1-2 ym and they are smaller than those of the PA1l droplets
(dimension: 3-4 ym). This can be due to the different viscosity
ratios and interfacial tensions of the two blends [15]. Besides,
the presence of microvoids, which surround the polyamide
phase, indicates that interfacial adhesion is weak for both
samples. It is very interesting to note that the presence
of OMMT significantly modifies the morphology of both
investigated blends; particularly, it is not possible to identify
the polyamide droplets inside the polyolefin phase. The last
can be understood considering that the OMMT nanoparticles
are able to destroy the polyamide spheres because of their
preferential localization in the more hydrophilic polyamide
phase. In this way, the OMMT nanoparticles exert a com-
patibilizing effect and promote the morphology refinement,
which is more evident for the LDPE/PA6 blend.

To deeply investigate the morphology modification of
formulated blends upon OMMT addition, XRD analysis
has been carried out (see Table 2). The calculated interlayer
distance for OMMT in LDPE/PAG6 is about 3.58 nm, while
in LDPE/PAIL it is about 3.43nm, highlighting enhanced
intercalation between the silicate layers for the system con-
taining PA6. Considering that the viscosity of PA6 at the
processing conditions is about 10° Pa's [31], which is higher
than that of PA11 (about 3 x 10> Pas [5]), higher shear stresses
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FIGURE 2: SEM micrographs of various hybrid blends: (a) LDPE/PALL, (b) LDPE/PA11/OMMT, (c) LDPE/PA6, and (d) LDPE/PA6/OMMT.
The scale bars represent 10 ym. Micrographs (c) and (d) are taken from [21].

TaBLE 3: Mechanical properties, that is, elastic modulus (E), tensile
strength (TS), and elongation at break (EB), of the unfilled and
OMMT-filled LDPE/PA blends.

Sample E (MPa) TS (MPa) EB (%)
LDPE/PAIL 195+ 9.5 10.2+ 0.5 52+2.5
LDPE/PA1I/OMMT 255 +12.0 1.1+ 0.6 44+ 1.9
LDPE/PA6 231+11.3 14.0 + 0.7 92+3.5
LDPE/PA6/OMMT 315+ 15.7 15.0 £ 0.7 65 +3.0

are experienced by the clay during melt mixing of the PA6-
based blend, thus explaining the difference in the interlayer
distances.

The mechanical properties of all the investigated complex
systems have been evaluated and the values of the elastic
modulus, E, tensile strength, TS, and elongation at break, EB,
are reported in Table 3. It can be observed that the increase
of the elastic modulus due to the presence of OMMT is about
30% and 36% for PA1l- and PA6-containing systems, respec-
tively, while the values of tensile strength remain almost
unchanged. Differently, a slight decrease of the values of the
elongation at break can be observed for both PA1l- and PA6-
containing systems. The improvement of the blend rigidity
can be related to the morphology refinement of both blends
upon OMMT addition. Indeed, the refinement of blends
morphology induced by the OMMT and the enhancement of
the interfacial adhesion in the LDPE/PA systems, improving
the state of the interface, allow obtaining high-performance
complex systems.
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FIGURE 3: Dimensionless tensile strength as a function of the
exposure time of the unfilled and OMMT-filled LDPE/PA blends.

The photooxidation behaviour of the formulated blends
and nanocomposites has been investigated through mechan-
ical and FTIR analyses. In Figures 3 and 4, the trends of the
dimensionless tensile strength, TS, and elongation at break,



Journal of Nanomaterials 5

1.2

EB(t)/EB(t0)

0 50 100 150 200 250
Exposure time (h)
--8-- LDPE/PA6 -0 LDPE/PA11
-m- LDPE/PA6/OMMT -e- LDPE/PA11/OMMT
FIGURE 4: Dimensionless elongation at break as a function of the exposure time of the unfilled and OMMT-filled LDPE/PA blends.

-1 -1
1.70 1713c|m 1.70 1713 cm
1.6 1.6 !
15 | 1.5 '
14 : 1.4 !
1.3 1.3 |
1.2 ! 1.2 g
1.1 1 1.1
1.0 . 1.0 !
A 09 A 09 i
0.8 0.8 312h g
0.7 0.7
0.6 0.6 !
0.5 0.5
0.4 0.4 !
0.3 R 0.3 I T
—— 0.2 — e a—
04 ; 0.12 :
—_ 0 O O O O O O O O O O o oIl o o O D oS O O O O O O O O O O O oI o O —
o‘ +F N AN —~ O N 0N O N FHF Nn N = O QD O =) ¥ O A 4 O N 0N O N F Nn AN = O D o
PEE2=28 8 RRSESERERSS8E 222222 RERSESERREE g
g == === === a == :_‘ - =2 2 : 8
(em™) | (em™) i
1 1
1 1
(@) ! (b) |
1 1
1.70 i 1.70 |
1.6 i 1.6
1.5 1 1.5
1.4 1.4
1.3 1.3
1.2 1.2
1.1 1.1
1.0 1.0
A 09 A 09
0.8 0.8
0.7 0.7
0.6 0.6
0.5 0.5
0.4 0.4
0.3 0.3 T
0.2 | 0. == |
0.10 + 0.13 +
n © © O O O © O O O O o o O IO o o O —_ O O O O O O O O O O o o O IO (=R )
O’ +t O A = ©O A 0N O 1N FHF n A '— O N O O <+t O AN —~ O N 0O N O N FHF N N '— O QD O
e O 0 0 00 0 DN DN DN DN DN DN DN DN IN IN O o ey @ 00 00 00 0 DN DN DN DN DN DN IN IN DN IN O o
A R e b D D D i b D e A e e [ D i i e e
— — — —

() (d)
FIGURE 5: FTIR spectra (range: 1850-1680cm™") as a function of the exposure time of various hybrid blends: (a) LDPE/PAIL, (b)
LDPE/PA1I/OMMT, (c) LDPE/PA6, and (d) LDPE/PA6/OMMT (the last spectra of each sample corresponding to the spectra at maximum
indicated exposure time).



1,201
1,10
1,00
0,90
0,80

A 0,70
0,60
0,50
0,40
0,30

0,204

3680
3640
3600
3560
3520
3480
3440
3400
3360
3320

3700,9
3300,0

1.195
1.10
1.00
0.90
0.80

A 0.70
0.60
0.50
0.40
0.30

0.200 =
3700.1 3600 3500 3400

(cm™)

(c)

3300.5

A 0,70

A 0.70

Journal of Nanomaterials

1,200
1,10
1,00
0,90
0,80

0,60
0,50
0,40
0,30
0,202

3700,5
3680
3640
3600
3560
3520
3480
3440
3400
3360
3320

3300,4

1.200
1.10
1.00
0.90
0.80

0.60
0.50
0.40
0.30

0.207
3700.5

3600 3500 3400

(cm™)

(d)

3300.2

FIGURE 6: FTIR spectra (range: 3700-3300cm™') as a function of the exposure time of various hybrid blends: (a) LDPE/PAlL, (b)
LDPE/PA1I/OMMT, (c) LDPE/PAS6, and (d) LDPE/PA6/OMMT (the last spectra of each sample corresponding to the spectra at maximum

indicated exposure time).

EB, as a function of the exposure time, are reported. The
dimensionless values of the properties at break have been
calculated as a ratio between the values of TS and EB at differ-
ent exposure times and the values of the unexposed samples.
As a function of the photooxidation time, decay of TS and
EB for all investigated samples can be noticed, as a result of
the materials’ structural modifications occurring upon UVB
exposure. Both LDPE-based blends display similar decay of
the mechanical properties and show comparable values of
half-time of the elongation at break, that is, the time at which
EB is one half of its initial value. The addition of OMMT
leads to acceleration of the blend degradation phenomena
and the decay of the mechanical properties is more rapid
than that of the respective unfilled blends. The detrimental
effect of OMMT on the photooxidative resistance is more
pronounced for the PAll-containing blend with respect to the
PA6-containing one. The last can be explained considering
that the addition of OMMT in the LDPE/PA6 blend induces
more pronounced morphology refinement than that induced
in the LDPE/PAII one.

Furthermore, the photooxidation behaviour of all the
investigated blends has been followed by FTIR analysis and

in Figures 5-7 the spectra in the carbonyl (1850-1680 cm™),
hydroxyl (3700-3300cm™"), and vinyl unsaturated bonds
(980-950cm™") range, at different exposure times, are
reported. As well known, the progress of the photodegra-
dation of LDPE proceeds through the formation of oxygen-
containing groups, such as carbonyl groups (namely, car-

boxylic acid and ketones at 1713 cm™!, esters at 1730 cm™?,

and lactones at 1780cm™') and hydroxyl groups (free or
linked OH groups) and the formation of vinyl unsaturation
(vinyl groups at 909 cm ™) [23, 26]; differently, the progress
of the photodegradation of PA, in the presence of humidity,
proceeds through random chain scission reactions and the
formation of carbonyl and/or carboxyl groups (shoulder at
1711cm™") [21]. In this study, the samples for FTIR analysis
have been subjected to UVB exposure for longer times than
those for the mechanical tests because in the latter case the
blends become brittle at short exposure times. To follow the
photooxidation progress of the unfilled and OMMT-filled
blends, the areas of the peaks at different ranges, carbonyl,
hydroxyl, and vinyl unsaturation, have been calculated and
reported as a function of the exposure time in Figures 8-10.
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It can be noted that the trends of carbonyl, hydroxyl, and
vinyl formations follow the same trends as the properties at
break and the differences between the unfilled and OMMT-
filled systems become more pronounced with increasing
the exposure time. The presence of OMMT accelerates the
formation of oxygen-containing groups, whose accumulation
is associated with the progress of the photooxidation. Indeed,
as expected, the accumulation of the carbonyl and hydroxyl
groups is more pronounced for the OMMT-filled blends.

Concerning the photooxidative behaviour of the
LDPE/PA6-based samples, it is worth noting that the growth
of the vinyl unsaturation amount reaches a plateau after
about 250 h of exposure and the addition of OMMT does
not affect the trends of the vinyl formations. Furthermore,
the values of areas of carbonyl, hydroxyl, and vinyl peaks
for LDPE/PA6-based systems are lower than those of the
LDPE/PAll-based systems, indicating that a more refined
morphology is beneficial in mitigating the detrimental effects
of the filler in terms of photooxidative resistance.

4. Conclusions

Unfilled and OMMT-filled LDPE/PA blends have been for-
mulated through a two-step procedure, extrusion and sheet
formulation, and their photooxidative behaviour has been
evaluated through mechanical and spectroscopic analysis.
Preliminary tests performed on unexposed samples showed
that OMMT addition leads to refinement of the blends’ mor-
phology with consequent improvement of the mechanical
properties. Concerning the photooxidative resistance of the
formulated samples, the addition of OMMT slightly accel-
erates the photodegradation phenomena of unfilled blends
but this detrimental effect is mitigated by the morphology
refinement induced by the nanoclay.
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