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ABSTRACT

The extent of the ultraviolet/visible (UV/VIS) photo-irradiation effect on high-density
polyethylene (HDPE) and HDPE/Si composites is reported in terms of the addition of
silicon (Si) microparticles at contents of 0.1, 1 and 5 wt%. A standard accelerated UV/VIS
exposure is applied during 2750 h, corresponding to 22 months in Florida, USA.
Thermogravimetry, Differential Scanning Calorimetry and Fourier-Transform Infrared
Spectroscopy stand out as reliable techniques to monitor the quality of HDPE/Si
composites. The increasing addition of Si microparticles delayed the photo-degradation
of HDPE/Si composites. Due its strong light scattering effect, Si microparticles blocks
the degradation of tertiary carbons of the HDPE backbone reducing the apparition of vinyl
groups, which prevents the structural impoverishment of HDPE/Si composites.
Consequently, the variation of the crystallization and melting temperatures, which are
indicators of photo-degradation, were not modified. In general, the formulation of
HDPE/Si composites with a 5 wt% of Si microparticles was useful to protect the material
from photo-degradation, thus being an environmentally friendlier reliable alternative
UV/VIS blocker.

KEYWORDS: high-density polyethylene HDPE, Silicon (Si) microparticles, composite;

photo-chemical degradation

HIGHLIGHTS
e The light scattering effect of Si microparticles is shown in HDPE/Si composites
e Si prevented from vinyl formation due to photo-degradation of HDPE
e The mass-loss of thermal decomposition was reduced by the addition of Si
e HDPE/Si composites with a 5 wt% of Si increased the thermal stability

o HDPE/Si composites with a 5 wt% of Si retained the crystallization behaviour
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1. INTRODUCTION
Polyolefins are the polymers with the largest volume market due to their excellent

mechanical and thermal properties, among others.> Polyethylene (PE) is extensively
produced in many different grades as well as in co-polymer grade by changing the type
and content of the co-monomer, for covering numerous applications.? It is well stated that
polyolefins may degrade due to external factors such as sun-light irradiation, temperature
and humidity at outdoor applications.>® Wavelengths in the range between 280 and 800
nm have sufficient energy to cause a cleavage of the chemical structure of the polymer.57
Photo-oxidation in polyolefins takes place when free radicals are generated through
energy transfer mainly at chromophores, double bonds of the polymer or catalyst
residues.®'2 The synergetic effect of ultraviolet/visible (UV/VIS) radiation in presence of
oxygen changes the initial polymer chemical structure,'® which consequently influences
the mechanical and thermal properties.*

The control of the effects of oxidation by the incorporation of light blocking additives is
key to protect the chemical structure of the polymer and design materials that ensure long-
term properties.®>*8 The protection of the polymers against UV/VIS photo-irradiation is
still a current issue despite the extended use of organic and inorganic UV blockers.%-28
The advantage of inorganic particles is their stability against UV photo-irradiation. In
addition, the high refractive index produces back-diffraction of the radiation and,
therefore, they play the role of a mirror for UV light. In contrast, the organic scavengers
are used as sacrificial elements, which therefore degrade upon UV radiation.

Silicon (Si) microparticles stand out as added-value additives for many sectors.
Previously, Si microparticles with uniform size and shape and high refractive index have
been found to behave as strong light scatterers able to block irradiation in the mid and far
infrared range.?%%° Besides, polydispersed Si microparticles represent an environmentally

friendly alternative to conventionally used chemical and physical solar protectors, such
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as TiO2, ZnO and Al>03,3! which are currently developed in the field of cosmetics and
pharmaceutics.®>3 Si microparticles may act as protectors of sunlight radiation in
applications such as adhesives, protective coatings, composites or microelectronics.®*
Therefore, due to the width and volume of the market of polyolefins such as polyethylene,
in particular at applications which service outdoor, the inclusion of Si microparticles in

the catalogue of sunlight protectors may represent a relevant impact in the market.
Thermal analysis techniques based on changes in the crystallization and melting
behaviour and on the thermal decomposition of polymers have been used to test the
degradation of polymers.35-3" From a technological point of view, Differential Scanning
Calorimetry (DSC) and Thermogravimetric Analysis (TGA) standout as fast and high
sensitivity instruments to detect changes due to degradation.®° In particular, sensible
parameters as the crystallization and melting temperature peaks and the mass-loss of the
main decomposition peak can be used to correlate the potential preventive effect towards
sunlight degradation with the amount of Si present in the HDPE/Si composites. A first
attempt reported by Gil-Castell et al. showed preliminary promising results about the
effects of silicon microparticles on the durability of raw polypropylene against UV/VIS
degradation.*! This paper proposes a step further showing the validity of Si microparticles
to protect commercial polyethylene, to widespread the use of Si microparticles to preserve
polyolefins from sunlight irradiation.

Summing up, the aim of this work is was-therefore to assess the effect of the addition of
Si microparticles (0.1, 1 and 5 wt.%) to protect high-density polyethylene from UV/VIS
photo-irradiation, by means of thermal, morphological and structural analysis. The

chemical structure as well as the thermal properties studied before and after irradiation of

the composites containing different amounts of Si microparticles indicated a protective
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effect against photo-degradation up to, at least, 22 months, for the HDPE/Si composites

with 5% wt. of Si.

2. EXPERIMENTAL

2.1. Material and sample preparation

Commercial high density polyethylene (HDPE) Dow TM 25055EE (density of 0.953
kg-m= at 23.3°C) was used as matrix. Polydispersed silicon microparticles with size
below 2.3 um (98%) obtained after grinding and screening processes of metallurgical
grade silicon powder (Silgrain®, 99.5% purity from Elkem) were used as fillers. The
addition of Si into HDPE was performed at 0.1, 1 and 5 wt%. In order to improve the
compatibility between matrix and filler, a coupling agent of polyethylene-grafted-maleic
anhydride (PEgMA) Fusabond® E MB226DE, supplied by DuPont, was added in a 1:3
(wt/wt) Si:PEgMA proportion. The three components were blended in a Haake Polylab
mixer at 158 °C during 15 minutes. Films of 200 um were prepared in a press by
compression melt at 158°C and quenched to room temperature. Several specimens were
cut from films for further durability tests by UV/VIS photo-irradiation. The composites
were labelled as HDPEcX, being ¢ the compatibilizer and X the mass percentage of Si
microparticles, as HDPEc, HDPEc0.1, HDPEc1 and HDPECc5.

2.2. Accelerated UV/VIS photo-irradiation tests

The UV/VIS photo-irradiation of composites was carried out by using an accelerated
exposure system according to the standardised 1S04892-Method A.*? A Suntest XLS+
(Chicago, IL, USA) that uses a Xenon lamp with a solar standard filter, which cuts the
wavelengths (L) below 290 nm in order to simulate the UV/VIS spectrum, was used. The
UV/VIS photo-irradiation time in the exposure system was converted to the approximated

real sun exposure time reference in Jacksonville, Florida (USA) with an annual total

radiant energy of 5800 MJ-m2 (A =280 to 3000 nm), corresponding to 3248 MJ-m2 in
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the range of A =280 to 800 nm.**** The hours of photo-irradiation, the total radiant energy
for that time and the corresponding outdoor exposure times are given in Table 1.

Table 1. Correlation of the hours of radiation in the Suntest, the total radiant energy and the

approximated real outdoor exposure times for Jacksonville, Florida (USA)

Suntest exposure Approximated real
Energy (MJ-m-?)
(hours) exposure (months)
750 1620 6.07
1250 2700 10.11
2000 4320 16.18
2750 5940 22.25

2.3. Analytical characterisation

2.3.1. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) analyses were used to verify the well dispersion
of the microparticles in the polymers. SEM images of the composites were taken at
accelerating voltages of 20kV on a Jeol 6300 microscope after covering the samples with
a gold thin film by sputtering. Samples were cut perpendicularly to the lamellar direction
after being plunged in liquid nitrogen for few seconds.

2.3.2. Thermogravimetry

The thermo-oxidative stability of HDPE and HDPE/Si composites submitted to a standard
accelerated UV/VIS photo-irradiation was assessed by Thermogravimetric analysis in a
Mettler Toledo TGA/SDTA 851 (Columbus, OH, USA). The international standard
described in the 1S011358 was followed.** The sample was heated at 10 °C/min from 0
°C to 800 °C under oxidative atmosphere (O; flow 100 mL-min?) to obtain the

thermograms and the characteristic temperatures of the thermo-oxidative decomposition
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process. All experiments were performed by triplicate and the averages were taken as

representative values.

2.3.3. Differential Scanning Calorimetry

The evolution of morphology and thermal properties of the HDPE/Si composites was
monitored by differential scanning calorimetry (DSC), measured by means of a Mettler
Toledo DSC 822 (Columbus, OH, USA). The methodology described in the international
standard 1SO11357 was used.*® Three calorimetric scans were carried out to each sample
from -60 to 200°C at a heating/cooling/heating rate of 10°C/min under N2 flow (50
mL-min). Specimens of ~5 mg were introduced in a pierced aluminium crucible, with
capacity for 40 uL. All experiments were performed by triplicate and the averages were
taken as representative values.

2.3.4. Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier Transform Infrared Spectroscopy (FT-IR) was used to characterize the structure
of neat films of HDPE and HDPE/Si composites by following the progress of the
frequency bands associated with the chemical functional groups formed during the
UV/VIS photo-irradiation of samples. The FT-IR spectra were obtained using a Thermo
Nicolet 5700 spectrometer (Thermo Fisher Corporation, MA, USA), in the 400 to 4000
cm region, with a 4 cm™ resolution, and using an Attenuated Total Reflectance (ATR)
modulus. In order to obtain accurate results, 64 scans were performed at 3 locations on
the sample.

3. RESULTS AND DISCUSSION

3.1. Spectroscopic evaluation of the matrix

The characteristic FT-IR band of HDPE is shown in Figure 1. Common additives for

polyolefins # such as talc for increasing rigidity (1017 cm™), Irganox 1010 as antioxidant

(1740 cmY), calcium as nucleation agent (1540 cm™) or sorbitol-based as clarifier (OH
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band region~3400 cm™) were not present, and therefore the impact of Si microparticles

to protect the HDPE/Si composites from photo-irradiation was analyzed without

interferences.
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Figure 1. FT-IR spectrum of HDPE

3.2. Dispersion of Si microparticles into the HDPE/Si composites

A well dispersion of the Si microparticles in the HDPE matrix is required to ensure
homogenous protection through the surface and the bulk. The compatibility and
improvement of interfacial adhesion between both components was guaranteed by the use
of the coupling agent,*’-*® which ensured the dispersion of Si microparticles in the HDPE
matrix, as shown by the SEM images of Figure 2, where the Si microparticles appear as
white spots into the polymer matrix. Micrographs with different magnifications are
presented with the aim to show the Si microparticles integration into the polymer as well

as the long range well-dispersion.
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200 nm

1 um

2um

Figure 2. SEM images of HDPE polymer modified with coupling agent (HDPECc) and several
amounts of silicon microparticles. a) HDPEc0.1 b) HDPEc1 and ¢) HDPECS5. Note that the
bright spots represent Si microparticles dispersed into the HDPE matrix.

3.3. Macroscopic effects of UV/VIS photo-irradiation

The physical aspect of the probes of HDPE, HDPE with coupling agent and HDPE/Si
composites subjected to different UV/VIS photo-irradiation times is shown in Figure 3.
The colour of the samples changed from transparent to dark brown by the addition of Si
microparticles and therefore their application should be focused in sectors with no
specific requirements of transparency. After the first stage of photo-irradiation (750
hours), the samples with none or low content of Si (0 and 0.1 wt.%) turned into yellow,
became fragile and some of them broke. Note that, even broken, further analysis of
fragments was interesting to monitor the effects of photo-irradiation on structure,
morphology or thermal properties. In contrast, HDPE/Si composites with high Si content
(1 and 5 wt.%) after 750 h of photo-irradiation were visually very similar to their

corresponding non-irradiated samples. However, these composites became quite brittle

10
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after 2000 hours of photo-irradiation. The physical stability and handling of HDPE/Si

composites was enhanced by the increase of the Si content to 5 wt.%. Only HDPEc5

remained in one piece after 2750 hours of photo-irradiation.

Irradiation time

Samples

non-irradiated 750 hours 1250 hours 2000 hours 2750 hours
HDPEc broken
broken
HDPEc0.1

HDPEcS

L
HDPECL - _ - S e broken
I

Figure 3. Macroscopic effects of photo-irradiation on HDPE/Si composites

3.4. Thermal stability of photo-irradiated HDPE/Si composites

The control of polymer degradation is a goal for many companies that pursue robust
outdoor resistant products based on polyethylene. In this section, the effects of UV/VIS
photo-irradiation on HDPE and HDPE/Si composites were assessed in terms of thermal
stability. The thermogravimetric thermograms (TG) and first-derivative thermograms
(DTG) of HDPE, the coupling agent PEgMA, HDPE with coupling agent (HDPEc) and
the HDPE/Si composite with a 1 wt% of Si (HDPEc1) are shown in Figure 4 a-d. The
rest of HDPE/Si composites are not shown for the sake of conciseness.

HDPE showed three main decomposition regions (Figure 4a). The first decomposition
stage from 225 °C to 375°C, with peak at 300 °C, that comprised a 15-20% of the total

mass loss, was related to the volatilization of the low molar mass molecules and oxidation

11



L. Santonja-Blasco, I. Rodriguez, S. Sanchez-Ballester, J. D. Badia, F. Meseguer, A. Ribes-Greus. Protection of high
density polyethylene/silicon composites from UV/VIS photo-degradation. Journal of Applied Polymer Science
2017;134(43): 45439
products.®® Subsequently, the main cleavage of polyethylene chains occurred from 375°C
to 470°C, with peak at 425°C. Finally, during the highest temperature mass-loss stage, the
complete volatilization of the oxidized sample occurred. The mechanism of thermo-
oxidative decomposition is well reported and starts with the formation of radicals groups,
acting as precursors of a complex process that dramatically reduced the molar mass of the
original sample.>->® As expected, the thermal decomposition of commercial HDPE with
oxygen showed a pattern % which is more complex than that shown under inert
atmosphere, where just a peak at 485°C at 10 °C-min is usually found.>® Complex
decomposition steps were also discussed by Camacho et al. for polyolefins,®® in terms of
the formation of peroxy radicals and hydroperoxides, being converted into other labile

products.

The thermogram of the coupling agent showed a single mass-loss decay centred at 525
°C (Figure 4b) and, in combination with HDPE, presented a more heterogeneous DTG
curve due to the interaction of the components and degradation during the mixing process
(Figure 4c). Finally, the thermo-decomposition process of HDPEc1 (Figure 4d) ranged

from 380 to 500°C, with alike main peaks as those displayed by HDPEc. The rest of

HDPE/Si composites, as shown in Figure 5 a-d, exhibited similar profiles.

12
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Figure 4. TG-DTG thermograms for a) HDPE, b) coupling agent, ¢) HDPEc and d) HDPEc1
The TG and DTG thermograms of the HDPE/Si composites subjected to the highest
photo-irradiation stage, i.e. 2750 h, are displayed in Figure 5 a-d. As the content of Si
microcparticles increased, the decomposition thermogram of the sample was more
heterogeneous, as demonstrated by the appearance of small peaks. The peak
decomposition temperatures (Tp) of the main mass-loss stages appeared for HDPEcO.1 at
~ 424, 444 and 469°C; for HDPEc1 at ~ 433 and 470°C; and for HDPECS5 at ~ 425 and
479°C. The Tp of the highest mass-loss stage of HDPE/Si composites was displaced to
higher values when increasing Si content, from ~469°C with 0 and 0.1wt.% of Si towards
~479°C with 5 wt.% of Si.

The high heterogeneity of the decomposition profiles may complicate the quantitative
monitoring of the stabilisation in terms of the main decomposition peaks or the onset
temperature of the first step of decomposition.>”*® Actually, no significant changes were

observed in the onset temperature of the HDPE/Si composites after photo-irradiation.
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However, the mass-loss of the main decomposition peak stands out as a reliable parameter
to be used as a macroscopic indicator of the degradation. In this sense, the stability of
HDPE/Si composites subjected to UV/VIS photo-irradiation is shown in Figure 6 in
terms of the mass-loss in the decomposition region from ~225 to 375°C. The values next
to arrows represent the relative mass-loss reduction (RML) between neat and photo-
irradiated samples, calculated as (|%mon-%mM27son| - %mon™)-100. The RML was enhanced

from a 52% for HDPEc down to a 25% for HDPECcO0.1, a 13 % for HDPEc1 and only a

6% for HDPEC5.

14
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Figure 5. TG (up) and DTG (down) thermograms of a,e) HDPEc, b,f) HDPEcO0.1, ¢,g) HDPEc1

and d,h) HDPECc5 at Oh (solid line) and 2750 h (dashed line) of photo-irradiation.
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Figure 6. Mass-loss and relative mass reduction (percentage written in the arrows) observed
during the thermo-decomposition of the samples irradiated Oh and 2750h versus the weight
percent of silicon microparticles. Region of decomposition (~225 to 375°C)

3.5. Effect of UV/VIS photo-irradiation on the thermal properties of HDPE/Si

composites

The thermal properties of HDPE/Si composites subjected to UV/VIS photo-irradiation
were monitored by means of differential scanning calorimetry, which stands out as a
reliable thermal analysis technique to ascertain the degree of quality of polymers during
service life or after a certain degradation period. > In order to set the base scenario for
further assessment of sunlight protection, the comparative plots of the endotherms and
exotherms experimentally obtained for HDPE, the coupling agent, HDPEc and HDPE/Si
with a 1 wt.% of Si (HDPEc1) are shown in Figure 7. For the sake of conciseness, the
latter sample is shown as model case, whereas the response of the rest of HDPE/Si
composites is shown in Figure 8.

The thermal behaviour of the coupling agent was overlapped by the main thermal
transitions of HDPE (Figure 7a and b). The coupling agent seemed to act as nucleant

agent (Figure 7c), accelerating the non-isothermal crystallization rate by increasing the
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crystallization temperature (Tc) and the melting enthalpy of the HDPE, albeit the onset
temperature of the crystallization did not significantly change (~120°C). Similarly, the
addition of Si microparticles accelerated the crystallization process by slightly shifting Tc
towards higher temperatures (Figure 7d) due to a nucleation effect of the Si
microparticles, as also reported for composites made of HDPE and silica.®®®” The melting
enthalpy did not significantly change after adding Si microparticles, and remained at

ranges between 175-190 J-g*.
In order to assess the influence of the content of Si microparticles on the photo-chemical

protection of HDPE/Si in terms of thermal properties the comparative plots of the

endotherms and exotherms as a function of degradation time are shown in
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Figure 8 a-d. The variations of the crystallization (Tc) and melting (Tm) temperatures

caused by photo-degradation are respectively shown in Figures 9 and 10, respectively.
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The crystallization temperature (Tc) significantly shifted to lower temperatures the longer
the photo-irradiation was. HDPE exposed to long UV/VIS photo-irradiation underwent
complex degradation mechanisms in which not only a shortening of macromolecules
happened, but also the formation of additional groups, which may act as defects for the
crystallization process shifting the Tc to lower values.% " In particular, as shown in
Figure 9, after 2750 hours of radiation, the decrease of the Tc for the HDPE/Si composites
with 1 and 5 wt.% of Si was lower than that shown by HDPE/Si composites with 0.1 wt.%

and without Si.

The changes in the melting temperature (Tm) shown in Figure 10 depended upon the
crystal thicknesses and the increase of chain ends, low molar-mass molecules or the
presence of new chemical groups from photo-degradation. For HDPE/Si composites with
low content of Si microparticles (0.1 wt.%) and samples without Si, the Twm significantly

decreased due to long photo-irradiation. In contrast, for HDPE/Si composites with higher

Si content (HDPEc1 and HDPEC5), the Tm was stabilised.
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Figure 7. Calorimetric thermograms for a) HDPE, b) coupling agent, ¢c) HDPEc and d)

HDPEc1.
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HDPECS5 exposed to different irradiation times
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3.6. Influence of Si microparticles on the structural protection of HDPE/Si
composites

In order to stablish the structural reason behind the results of stability of HDPEC/Si
against photo-irradiation, in contrast to HDPEc, the samples were analysed by Fourier-
Transform Infrared Spectroscopy, as shown in Figure 11 a-d. To compare the spectra,
the area was normalized with respect to the area of the stretching vibration band of the
CHz groups of the polymer backbone (v ~ 2914 and 2840 cm™) as internal reference.
HDPE showed the stretching vibration of the —CH»- groups of the main chain between
2772 and 3000 cm'?; and the regions of 1140-1490 cm™ and 700-750 cm™ corresponding
to the vibration of wagging and rocking methylene, respectively.” Photo-irradiation of
HDPE followed a Norrish type 11 degradation mechanism,” which caused a breakage and
cross-linking of the polymer chains, the formation of carbonyl -C=0 (~1620-1820 cm™)
and vinyl -CH=CH, (~1400-800 cm™) groups ™ (Figure 11a). The increase of these
bands was less relevant the higher the amount of Si microparticles was present in the
HDPECc/Si composites (Figure 11 b-d), particularly blocking the degradation of tertiary
carbons of the HDPE backbone preventing from the apparition of vinyl groups.

These results are in agreement with the protective effect observed by indicators as the
crystallization, melting temperature peak and the mass-loss of the main decomposition
peak. In particular, the HDPEc/Si composites with a 5 wt% of Si microparticles showed

the strongest protection, in correlation with the better performance shown by this

composite by means of the aforementioned properties.
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4. CONCLUSIONS

The effects of Silicon microparticles to protect HDPE/Si composites from photochemical
irradiation was successfully validated by accelerated UV/VIS exposure during up to 2750
h, corresponding to 22 simulated months in outdoor conditions.

The thermo-oxidative decomposition of HDPE, evaluated by thermogravimetry, was
prevented by the addition of Si microparticles in the composite, as shown by the increase
of the peak decomposition temperature and the reduction of the mass-loss in the low
temperature stage.

The crystallization and melting temperatures of HDPE, analysed by differential scanning
calorimetry, were kept more invariable the higher the amount of Si microparticles was
present. This was specially relevant after a loading of 1 wt.% of Si in the composites, and
completely retained for HDPEc/Si with a 5 wt.% of Si microparticles.

The strong light scattering properties of the silicon microparticles, and therefore the
shielding of the photo-irradiation on the HDPECc/Si composite, leads to a protective effect
of the polymer, avoiding therefore the chain breakage and the formation of vinyl groups,
as shown by infrared analysis.

In general terms, the formulation of HDPE/Si composites with a 5 wt.% of Si
microparticles was useful to protect polyethylene from photochemical degradation up to
22 months of simulated real exposure.
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