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ABSTRAKT

Cilem diplomové prace je ndvrh a provedeni stabilitnich studii polymernich félii
vyuZivanych v zemédélstvi. Pro vlastni testovani byly vybrany polyetylénové félie, které
jsou v podminkach readlného vyuziti extrémné zatizeny povétrnostnimi podminkami, ze-
jména pUsobeni pfimého slunecniho svétla (UV zafeni) a vysoké vlhkosti vzduchu, ale i
pfimym plsobenim chemickych prostfedkd.

Podminky provddénych laboratornich experiment(i, postaveny predevsim na metodé
urychleného starnuti s vyuZitim tzv. veterometru, maji za ukol pomoci stfidani cykl{
zatéZujicich material UV zafenim, zménami teplotnich a vlhkostnich podminek, zajistit co
nejvérohodnéjsi simulaci pfirozeného starnuti polymernich materiall. Tyto experimenty
jsou dale doplnény studiem vlivu chemické zatéZze aproximujici redlné podminky pfi
vlastni aplikaci folie.

Pro studium vlivu experimentalnich podminek na materidlové vlastnosti byly vybrany
analytické metody vyuZivajici infracervené spektroskopie, Sirokouhlé rentgenové difrakce,
diferencidlni skenovaci kalorimetrie a sledovani mechanickych vlastnosti.

Klicova slova: PE, UV stabilita, urychlené starnuti, FT-IR, DSC, WAXS, mechanické vlast-
nosti

ABSTRACT

Accelerated physical aging of polymeric materials plays unsubstitutable role in simulation
of lifetime prediction of polymeric products. Classic accelerated ageing test using
weatherometers does not include influence of chemical treatment that can have signifi-
cant effect on degradation process.

This work is focused on study of influence of selected nutrient, agents used for fertiliza-
tion in agriculture, on photodegradation of polyethylene mulch foil. Tested samples were
treated using nutrient baths, UV radiation and their combination.

The influences of chemical and physical treatments were evaluated using infrared spec-
trometry, thermal analysis, X-ray diffraction, spectrophotometry and mechanical testing.

Keywords: PE, stability, ageing, FT-IR, DSC, WAXS, mechanical properties
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INTRODUCTION

Polymeric materials have become widely used for many different applications ranging
from food packaging, medical devices, and construction materials to many other con-
sumer products.

Most of common polymers are commercially useless separately for their low stability
during processing and low resistance to weather conditions. In general, the degradation
of polymeric materials is caused by exposure to various factors such as heat, UV light,
aggressive chemicals, irradiation, mechanical stress and microbes, moreover it is pro-
moted by several other factors, as oxygen concentration, humidity and strain. The
mechanism of polymer degradation is complicated and involves chemical changes in ma-
terials, resulting in such flaws as brittleness, cracking, and fading [1]. These changes are
possible to slow-down by using stabilizers that undergo chemical changes instead of
polymeric chains. Therefore without additives, mainly stabilizers, polymers cannot be
directly utilized due to fast ageing caused by chain scission (degradation).

Anyway the function of additives is limited and because of that polymeric products have
limited lifetime in dependence of environment where they are used. The choice of poly-
mer composition thus is given by the requirements for the application [2]. Estimation of
this lifetime is usually based on tests simulated real function of article. But products de-
signed for longtime usage, mainly for outdoor application, makes problem for testing.
Natural weathering tests are commonly used to evaluate the weather resisting property
of materials, but they are time consuming and their reproducibility is not good. In the
laboratory, artificial weathering test is often adopted to simulate natural weathering test.
In artificial weathering devices, UV lamps are commonly used as light sources to simulate
ultraviolet radiation of sunshine and water is periodically sprayed to material surface to
simulate raining [3].

Artificial weathering enhances possibility to test many polymeric products for outdoor
usage which are exposed to weather conditions during all of their lifetime such as for

example mulching foils, stretch foils, plastic tarps used in agriculture.
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1 POLYETHYLENE FOILS IN AGRICULTURE

In agriculture polymers are used for many applications from packaging, water distribution
pipes, plastic tarps to mulch foils. In the case of mulching, polymeric foils have lower
permeability for water than nature mulching materials especially in drought periods and
in environment with higher temperatures and lack of rainfalls or water. Polymeric mulch
foils give e.g. certain possibility of protection from weed, animals or can help as a ther-
mal insulation in environments with large temperature differences between day and
night. In the case of black foils, the warming of substrate is possible due to light absorp-
tion and on the other hand reflective mulches offer the advantage of not overheating the
soil.

For this application polyethylene is preferred due to its availability and relative easy

processing.

1.1 Polyethylen

Polyethylene is the oldest and simplest in structure of the crystalline polyolefins. Poly-
ethylene was first produced in a branched form LDPE in the 1930s, LDPE contained vary-
ing amounts of long chain branches and had a crystalline melting temperature of about
110 °C. Linear polyethylenes HDPE were produced in the early 1950s. These had a higher
crystalline melting temperature of about 135 °C [4].

Nowadays there are several kinds of polyethylene (LDPE, LLDPE, HDPE, UHMWPE and
other), which are synthesized with different molecular weights and chain architectures.
LDPE and LLDPE refer to low density polyethylene and linear low density polyethylene,
respectively. These polyethylenes generally have branched and linear chain architectures,
respectively, each with a molecular weight of typically less than 50,000 g/mol.

High density polyethylene (HDPE) is a linear polymer with a molecular weight of up to
200,000 g/mol. UHMWPE, in comparison, has an average molecular weight of 6 million
g/mol [5].

Nevertheless in agriculture two kinds of polyethylene are used: LDPE and HDPE. LDPE is
preferred due to his lower modulus. HDPE has higher stiffness which cause lower flexibil-
ity to rough surface and this could be problem for mulching by combination of foil (bot-

tom layer) and nature mulching material (upper layer).
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1.2 LDPE

LDPE typically has long side-chain branching off the main molecular chain and therefore
is @ more amorphous polymer. LDPE is defined by a density range of 0.910-0.940 g/cm3.
This range depends on branch points at material. As the number of branch points in PE
chains increases, PE density decreases. The amount of unsaturations in PE also increases
with the decrease in the density. For the example, an average number of methyl
branches per 1000 carbons on LDPE increased from 21 at 0,922 g/cm3 to 43 at 0,916
g/cma. An average number of vinylidene unsaturations/branches per 1000 Da (molecular
weight) segments of LDPE increased from 16 at 0,922 g/cm® to 35 at 0,912 g/cm”.

As a result of branching, LDPE shows lower shrinkage compared to a more crystalline

HDPE, in which many of the polymer molecules are packed closely together.

e

Figure 1: LDPE chain

1.3 HDPE

HDPE is defined by a density of greater or equal to 0.941 g/cm’. HDPE has a low degree
of branching and thus stronger intermolecular forces and tensile strength. Due to its
higher crystallinity compared to LDPE, HDPE is stronger and stiffer than LDPE, but is more
prone to warpage. It shows a higher shrinkage, due to formation of crystalline, packed
areas upon transition from melted state to solid one. Its tensile strength is two or tree

times higher that LDPE [6].

N

Figure 2: HDPE chain
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2 POLYETHYLENE DEGRADATION

Thermo-oxidative processes which occur during polymerization, storage, and processing
result in the formation of a crystalline structure which contributes to further diversity.
Several kinds of PE are highly diverse because of chain irregularities (branches), unsatura-
tions, molecular weight variations, and components added during the polymerization
reaction to influence basic mechanical properties and durability. General properties de-
pend on a mix of factors which are not easily quantified. Because of this diversity, it is
difficult to apply one general principle of degradation to the entire group. For example
sensitivity of PE to oxidation increases at its density decrease. LDPE is more prone to oxi-
dation compared to HDPE. On the contrary, LDPE is oxidized rather uniformly compared

to HDPE.

2.1 Mechanism of polyethylene degradation

Both HDPE and LDPE contain unsaturations (see Fig. 3). The presence of these unsatura-
tions (vinylidene groups) leads to formation of allylic hydroperoxides during the thermo-

oxidative processes, and this becomes the major mechanism of initiation (see Fig. 4).

—CH,—CH—CH,—  —CH, —C—CH,—
CH=CH, CH,

Figure 3: PE unsaturations

[I%Hz hv, A ﬁHz
—CH,—C—CH,— —(——* —CHz—c—(l:H_

0O,
O0OH

Figure 4: formation of allylic hydroperoxides

One primary initiation step may produce three free radicals, then secondary processes
also give rise to compounds containing hydroxyl, carbonyl, and vinyl groups which also
absorb radiation and undergo further degradative processes. The structure of polyethyl-

ene determines the probability of further conversion.
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hv

@ o
R—H + 0 — [R—H—0;] —— RH—-0, — ROOH

Initiation:

Propagation:

Chain branching:

Termination:

O -
RH —*» R H,0, H,0,

H,0, ———= 2 OH

OH + RH —— H,0 + Rg°

R+ 0, — ROO
ROO"+ RH — ROOH *+ R
ROOH + RH —— R=0 + H,0 + g°
R=0 —— R,C=0 *+ CH;R,

HO + RH — HOOH + K
ROOH — R + ‘OH

R+ R — RR

ROO" + R* —— ROOR

2RO0 —= R=0 + H,0 + q,
2HO; —— HOOH + 0,

RO, + HO, —— ROOH + O,

Figure 5: Photooxidation of polyethylene proceeds by a free radical chain

mechanism

Three major functional groups are accumulated during PE degradation: ketones, carbox-

ylic acids, and vinyl groups. Ketones absorb radiation above 300 nm and in the subse-

quent reaction they are mostly converted to carboxylic acids and vinyl groups. Carboxylic

acids accumulate in PE during photooxidation because they apparently do not undergo

further reactions. Vinyl groups cannot absorb UV radiation above 300 nm but they can

react with the singlet oxygen generated photochemically in PE and then they are suscep-

tible to free radical attack. During photolysis, ketones and vinyl groups increase linearly

with time of exposure.

The crystalline structure of the polymer has a very strong influence on its stability. Crys-

tallinity changes during the course of degradation. In the initial stages of photodegrada-
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tion, chain scission prevails which reduces molecular weight. Shorter chains are more
mobile and are thus able to crystallize more readily. Therefore, embrittlement of PE is
controlled by two associated processes: reduction of molecular weight and increased
crystallinity [7].

During the lifetime polyethylene mulching foils are exposed to the most of degradation
factors included in weather conditions. Between factors with great influence belong UV
radiation, atmospheric oxygen, ozone, microorganisms and chemical attack in the form of
fertilizers. These main factors are supported by other weather processes like tempera-
ture changes, different air humidity, rains, location and many others. Combination of all
these factors causes negative changes in the structure of polymeric material generally
called ageing. This process is followed by changes in mechanical properties and often in
visual changes too. At beginning they are visible color changes. For example white foils
start to be yellow and colored foils lose their colorfulness. During the ageing they are
visible cracks on the foils and in the end this cracks leads to loss of mechanical properties

and disintegration of the foil.
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3 ACCELERATED AGEING

As it was already mentioned, PE mulch foils are attacked by many degradation factors
during the exposition to natural conditions. Prediction of durability for these foils present
problems. Tests of natural ageing where the polymeric material is exposed to real condi-
tions in real time are time consuming. Better alternative is method of artificial ageing
called accelerated ageing employing weatherometers through alternating modes of e.g.
UV radiation (simulating sunlight), water shower (simulating rains and watering), air hu-
midity and temperature changes (simulating changing of day and night). Disadvantage of
this method is possibility of difference between setup of artificial ageing and natural age-

ing, caused by wrong compilation of experiment [8].

3.1 Artificial weathering equipment

Simulation of natural conditions presents problem due to some random factors in nature
like rain, variable cloudiness, wind, microorganism attack, chemical attack and others.
Therefore modern accelerated weathering equipment allows control of the following
parameters of testing:

e wavelength of radiation

e radiation intensity

e irradiance uniformity

e energy dosage and exposure time

e temperature

e rain

e humidity
Radiation wavelength is controlled by the choice of source and filters. Radiation dosage

and temperature are microprocessor controlled [7].
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3.2 Sunlight

Sunlight is the main source of energy for planet but also for most polymeric materials is it
the main cause of losing of properties due to photooxidative attack, that is the combined
action of sunlight and oxygen on there chemical structure.

To define the stability or rate of deterioration of such materials on some meaningful
scale three main approaches have been followed in an attempt to quantify sunlight as an
agent of deterioration. They are based on measurement of three aspects of sunlight:

sunshine duration, total solar radiation and ultraviolet radiation [9].

3.2.1 Light source

The most important parameter for weathering studies is relative photon energy vs. wave-
length (shown in Fig. 6). Photon energy increases as wavelength decreases therefore
photoreactions which require a particular amount of energy only occur at a certain wave-
length. It is therefore imperative to assure that there is no wavelength in the radiation
used in artificial weathering equipment which is lower than any wavelength in the day-
light spectrum. This is the most important criterion used in the evaluation of light

sources.

25

Relative energy, arbitrary units
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1
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Figure 6: Relative photon energy vs. radiation wavelength
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They are many possible light sources of UV and visible solar radiation that can be used for
weatherometers like carbon arc, xenon arc, fluorescent UV lamps, mercury lamps, indoor
actinic source and others. But many current devices are based on xenon arc.

Xenon arc was adapted for accelerated weathering in 1950's in Germany. Initially, there
were several problems with the source stability over time and with the choice of proper
filters, but, after these were overcome, the xenon arc lamp emerged as the source most

closely resembling UV radiation in the daylight spectrum (see Fig. 7).
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Figure 7: Spectrum of xenon arc vs. daylight behind window glass

Xenon arc light does not contain radiation below daylight wavelength and its radiation
intensity is similar to that of daylight radiation. It is possible to adjust the radiation out-

put by selecting the appropriate filters [7].

3.3 Water

In environmental conditions, water may have various physical and chemical effects. Lig-
uid water may lead to the erosion of oxidized layers, swelling of matrix, and extraction of
additives soluble in water. Liquid or gaseous water may also induce the hydrolysis of oxi-

dation intermediates or of final products of photo oxidation.
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Depending on the type of polymer, the nature of stabilizers (especially their solubility in
water), and the climatic parameters, the relative importance of the different processes
may be anticipated. The experimental design of a test should be based on the under-
standing of the prevalent effect of water:

e |If the predominant effect of water is presumed to be rinsing, water sprays are
relevant.

e |f the predominant effect of water is presumed to be swelling and extraction of
stabilizers, sprinkling should be limited to prevent exaggerated swelling or extrac-
tion.

e |f the predominant effect is presumed to be hydrolysis of final photo oxidation
products, post-immersion of the exposed samples in water is enough to lead to
hydrolysis and to induce changes in optical properties.

e |f water is able to react with intermediate degradation products, a combined ef-

fect of light, heat, oxygen, and water may be anticipated [10].

3.4 Chemicals

During the lifetime mulch foils can came into contact with some chemicals in the form of
in/organic fertilizers which are combined with water at various concentrations.

But most of accelerated weathering equipments are not adapted for insert of chemical
treatment to weathering process mainly due to oxidation properties of chemicals which
can cut down their lifetime. Even thought, effect of chemicals on original product can be
small, effect on intermediates can be significant. Chemicals can influence also function of

additives, e.g. stabilizers.
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4 AGEING EVALUATION

For observation of process of photodegradation several analyses methods are useful.
Influence of chemical and physical aging on thermal properties of mulch foils could be
characterized using differential scanning calorimeter, while changes in mechanical behav-
iour can be recorded by the help of universal tensile test machine. Moreover infrared
spectrometer, X-ray diffraction and spectrophotometer can be utilized for observation of

molecular structure changes, and variations in optical properties, respectively.

4.1 Infrared spectroscopy

Infrared (IR) spectroscopy is a very important non-destructive technique for gaining
structural information and identifying the chemical bonds in unknown in/organic com-
pounds. Different functional groups absorb characteristic frequencies of IR radiation.
Using various sampling accessories, IR spectrometers can accept a wide range of sample
types such as gases, liquids, and solids. Thus, IR spectroscopy is an important and popular
tool for qualitative as well as quantitative structural description and compound identifi-

cation used in various scientific areas of research [11].
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Figure 8: The electromagnetic spectrum showing the Infrared region

4.1.1 IR Frequency Range and Spectrum Presentation

Infrared radiation spans a section of the electromagnetic spectrum having wavenumbers
from roughly 13,000 to 10 cm™, or wavelengths from 0.78 to 1000 um. It is bound by the
red end of the visible region at high frequencies and the microwave region at low fre-

quencies.
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IR absorption positions are generally presented as either wavenumbers (1_/) or wave-
lengths (A). Wavenumber defines the number of waves per unit length. Thus, wavenum-
bers are directly proportional to frequency, as well as the energy of the IR absorption.
The wavenumber unit cm™ is more commonly used in modern IR instruments that are
linear in the cm™ scale. In the contrast, wavelengths are inversely proportional to fre-
quencies and their associated energy. Wavenumbers and wavelengths can be intercon-

verted via following expression:

\_/[cm_l]: ! x10* Eq.1

Algam]

IR absorption information is generally presented in the form of a spectrum with wave-
length or wavenumber as the x-axis and absorption intensity or percent transmittance as
the y-axis. Transmittance (T), is the ratio of radiant power transmitted by the sample to
the radiant power incident on the sample. Absorbance (A) is the logarithm to the base 10
of the reciprocal of the transmittance (T).

The transmittance spectra provide better contrast between intensities of strong and
weak bands because transmittance ranges from 0 to 100% T whereas absorbance ranges
from infinity to zero.

In IR spectroscopy two types of technique are used, transmission and reflectance [12].

4.1.2 Transmission

In transmission, the light source goes through the sample (embedded in an inert me-

dium) to the detector. The sample is normally embedded in KBr or in Csl.

Detector Light
Sample' Embedded
holder sample

Figure 9: FT-IR transmission principle
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4.1.3 ATR

The ATR (Attenuated Total Reflectance) technique is a surface examination technique. An
internal reflecting element crystal is used to focus and direct the light beam to the sur-
face of investigation. Usually the beam only penetrates about 1-5 um into the sample.
The beam is absorbed by the sample and is reflected back out to the crystal and the

beam continues to the detector.

evanescent wave

sample in contact with

evanescent wave —

\ /, to detector

infrared beam

ATR crystal

Figure 10: FT-IR/ATR principle

4.1.4 Benefits of ATR vs. Transmission for FT-IR Analysis of Polymers

Polymer samples presented for analysis are often too thick for measurement by trans-
mission sampling techniques since the ideal IR beam path length for sample identification
is typically less than 20 um. However, the relatively thin depth of penetration of the eva-
nescent wave (typically 0.5 to 2.0 um) in ATR generally eliminates the need to do sample

preparation [13].

4.1.5 Spectrometer Design

The basic instrument design is quite simple. The IR radiation from a broadband source is

first directed into an interferometer, where it is divided and then recombined after the
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split beams travel by different optical paths to generate constructive and destructive in-
terference. Next, the resulting beam passes through the sample compartment and
reaches to the detector. Most benchtop FT-IR spectrometers are single-beam instru-
ments. Unlike double-beam grating spectrometers, single-beam FTIR does not obtain
transmittance or absorbance IR spectra in real time. A typical operating procedure is de-
scribed as follows:

1. A background spectrum is collected. The background spectrum includes the
contribution from any ambient water (two irregular groups of lines at about 3600 cm
and about 1600 cm " ) and carbon dioxide (doublet at 2360 cm™ and sharp peak at
667 cm™).

2. Next, a single-beam sample spectrum is collected. It contains absorption bands
from the sample and the background (air or solvent).

3. The ratio of the single-beam sample spectrum against the single beam back-

ground spectrum results in a spectrum of the sample [12].

4.2 Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) is an analytical technique in which a sample and a
reference are subjected to a temperature program and where differences in heat capac-
ity or heat of transitions are measured. Therefore, it is part of the group of analytical
techniques called Thermal Analysis.

The aim of Differential Scanning Calorimetry experiment is to keep the sample and a ref-
erence (at constant pressure) at the same temperature throughout a temperature pro-
gram. During the experiment the heat flow (heat transferred to or from the sample and
the reference) is measured [14].

The main heater heats the sample and the reference equally and at a rate slightly less
than the preset heating rate. Individual sample and reference heaters add heat to main-
tain the preset heating rate. The difference in energy to individual heaters is the heat

flow plotted in the thermogram [15].
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Figure 11: Diagram of heating and temperature sensing units for

differential scanning calorimetry.

4.2.1 Melting and recrystallization

During the heating the sample will begin to melt. But to keep the temperature of the
sample and reference the same, more heat is needed for the sample. In a plot of heat
flow against temperature an endothermal peak (increase of heat flow) will become visi-
ble. An exothermal peak (decrease of heat flow) will appear when solidification occurs

analogously.

4.2.2 Melting point

A first order transition is characterized by its baseline and the peak. In such a curve there
are a couple of characteristic temperatures: the beginning of melting, the peak tempera-
ture and the return to the baseline. And none of these is the same as the melting point.
To determine the melting point, one has to extrapolate the baseline and the left tangent

of the temperature peak.

4.2.3 Glass transition

Glass transitions of polymers can also be determined by DSC. Below the glass transition
temperature Tg the sample is amorphous. At higher temperatures the molecules have
enough energy to become crystalline. The heat capacity increases when you go from be-
low to above the Tg. In a plot of heat flow against temperature (with constant heating

rate) this is visible as an increase in the baseline.
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Figure 12: A standard features of output for a polymer from a DSC
machine (Tg - glass transition temperature, Tc - crystallization

temperature, Tm - melting temperature)

This transition takes time, so in a plot of heat flow against temperature (with constant
heating rate) the increase of the baseline is spread over a temperature range. For the

glass transition temperature the middle of the incline is chosen [14].

4.3 X-Ray difraction

X-ray diffraction (XRD) is the traditional and effective method of determining 3D struc-
tures in the solid state.

X-rays are electromagnetic radiation with typical photon energies in the range of 100 eV -
100 keV. For diffraction applications, only short wavelength x-rays are used. Because the
wavelength of x-rays is comparable to the size of atoms, they are ideally suited for prob-
ing the structural arrangement of atoms and molecules in a wide range of materials. The
energetic x-rays can penetrate deep into the materials and provide information about
the bulk structure [16].

Diffraction effects are observed when electromagnetic radiation impinges on periodic

structures with geometrical variations on the length scale of the wavelength of the radia-
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tion. The inter-atomic distances in crystals and molecules amount to 0.15-0.4 nm corre-
spond to these wavelengths.

Diffraction angle is given by Bragg's equation (shown in Fig. 13) where n is an integer, A is
the wavelength of incident wave, d is the spacing between the planes in the atomic lat-

tice, and & is the angle between the incident ray and the scattering planes [17].

nNex=2+de+sin o

Figure 13: Scheme of X-ray diffraction and Bragg’s

equation definition [18]

XRD can be used to determine phase composition of sample where phase analysis gives
relative amounts of phases in a mixture by referencing the relative peak intensities. Than
is XRD used for determine unit cell lattice parameters, orientation, residual strain, crystal

structure and crystallinity [19].

4.4 Mechanical properties

Today there are exist many methods to test mechanical properties of polymeric materials
like a tensile, tear, shear, flexural, impact, compression tests and others. Tensile test be-

long to most widely used.
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4.4.1 Tensile tests

Tensile tests are performed for several reasons. The results of tensile tests are used for
comparison of mechanical properties of solid materials. Tensile tests are also useful for
determination of mechanical properties of foils.

Foils are elongated and force necessary to maintenance of constant elongation is meas-
ured. End of test is presented by rupture of the sample. Resulting diagram of tensile test
is shown in Fig. 14. Initially we find a viscoelastic, time-dependent, response that is con-
sidered to be fully reversible. For small loads the material behaviour is linear viscoelastic.
From this part of diagram the Young modulus is calculated. With increasing load the be-
haviour becomes progressively nonlinear. At the yield point the deformation becomes

irreversible and plastic flow occurs. End of test is presented by rupture of sample.
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Figure 14: Tensile test diagram for polymeric material

The typical tensile specimen is shown in Fig. 15. It has enlarged ends or shoulders for
gripping. The important part of the specimen is the gage section. The cross-sectional area
of the gage section is reduced relative to that of the remainder of the specimen so that

deformation and failure will be localized in this region.
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Figure 15: Typical tensile specimen, showing a reduced gage section and

enlarged shoulders

The gage length is the region over which measurements are made and is centered within
the reduced section. The distances between the ends of the gage section and the shoul-
ders should be great enough so that the larger ends do not constrain deformation within
the gage section, and the gage length should be great relative to its diameter. Otherwise,
the stress state will be more complex than simple tension.

Tensile specimens must be without cracks and cells in the material. These defects influ-
ence results of tensile test. In these defects happens to decrease of strength of sample is

ruptured early[20].

4.5 Reflectance spectrophotometry and colorimetry

Color is the human eye’s perception of reflected radiation in the visible region of the
electromagnetic spectrum (400—-700 nm).

One of the most objective ways to measure color is to use diffuse-reflected spectropho-
tometry. Light reflected from the material is collected in an integration sphere, normal-
ized to the source light of the reflectance, and calibrated with the measurement of a
pure white standard (100% reflection) and a black box (zero reflection) over the entire
wavelength spectrum of visible light [21].

For comparison of color difference CIELAB color scale is used. In a uniform color scale, the
differences between points plotted in the color space correspond to visual differences
between the colors plotted. The CIELAB color space is organized in a cube form. The L*

axis runs from top to bottom. The maximum for L* is 100, which represents a perfect
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reflecting diffuser. The minimum for L* is zero, which represents black. The a* and b*
axes have no specific numerical limits. Positive a* is red. Negative a* is green. Positive b*
is yellow. Negative b* is blue. Below is a diagram representing the CIELAB color space
(see Fig 16).

There are used delta values associated with this color scale. AL*, Aa*, and Ab* indicate
how much a standard and sample differ from one another in L*, a*, and b*. These delta

values are often used for quality control or formula adjustment [22].

White
L* =100

Yellow
Green / +b*
& %

Figure 16: The CIELAB color system diagram

A light source is a physical emitter of radiation (i.e., candle, lamp, or sunlight) that can be
characterized numerically by a spectral power distribution curve of power versus wave-
length. For each light source, the wavelength tells us where light energy is present. The
relative energy values (power) indicate how much energy is present at a particular wave-
length.

The Commission Internationale de L’Eclairage (CIE) has codified the spectral power distri-
butions of different types of white light sources and called them illuminants. An illumi-
nant is a set of numbers (relative energy versus wavelength) that represents the spectral
quality of a type of white light source and is used in the calculation of color measure-
ments in colorimetric software. The choice of illuminant is independent of the instrument
lamp. The most commonly used daylight illuminant norm is Dgs representing daylight

corresponds roughly to a mid-day sun in Western Europe/Northern Europe. Correlated
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colour temperature of Dgs is approximately 6504 K. Dgs is used with two standard observ-

ers defined by CIE: the 2° or 10° observers [23].
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Figure 17: Spectral power distribution of D65.

2° - 10° Observer

Figure 18: 2° and 10° observer difference

Yellowness index

Yellowness Index is a number calculated from spectrophotometric data that describes
the change in color of a tested sample from clear or white toward yellow. This test is
most commonly used to evaluate color changes in a material caused by real or simulated
outdoor exposure. Yellowness is associated with scorching, soiling, and general product

degradation by light, chemical exposure, and processing [24].
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5 ANALYSING METHOD AND DEVICES

Commercially produced polyethylene foils, loaded by extreme weather conditions during
the real usage, mainly direct sun light (UV radiation), high air humidity and influence of
chemical agents, were chosen for experiments. Selected PE foils are originally intended
for usage in glasshouses, where foils are under direct sunlight filtered by glass and per-
manent high level of air humidity and increased temperature. These conditions are sup-

plemented by chemical treatment in form of fertilizing and watering.

Figure 19: Tested PE foil

5.1 Sample preparation

Agriculture plastic foil of average thickness of 70 um based on low density polyethylene
was used for the investigation of the influence of commercially available nutrient agents
on the kinetic of physical aging evoked by photodegradation.

Foil samples were cut into the rectangle form with dimensions of 150x45 mm and fixed

on holders shown in Fig. 21.
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Figure 20: Sample holder

5.2 Accelerated ageing

Details of experimental setup employed for accelerated ageing of tested foils are given

bellow.

5.2.1 Xenotest

Xenotest Alpha+ (Atlas Material Testing Technology GmbH, Germany), universal weather-
ing instrument, providing reproducible and repeatable test results of lightfastness using
an air-cooled xenon arc light source was employed as a mean of accelerated weathering.
For the weathering simulation purposes humidity conditions of 80 RH and chamber, and

black standard temperature of 48, and 60 °C, respectively were chosen.
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Figure 22: Atlas Xenotest Alpha+ testing chambre

Atlas - Xenotest Alpha+ arrangement:

Communication ports

Operating panel

Test chamber door

Test chamber with rotating system
and irradiation unit

Rotating system with sample hold-
er bracket

Door to water supply system
Reservoir for treated water
Height-adjustable stand

Air inlet opening for lamp cooling
and cooling of electrical compo-
nents

Water supply system door release
Door to electrical supply unit

Test chamber door release

Print output

Optional printer for test data out-
put

Main switch

1. Misting wand for misting

samples

2. Air duct for air supply into

test chamber

3. Xenon lamp for irradiating

material samples

4. Sample holder for holding

samples

5. Integral sensor for measur-
ing test chamber tempera-
ture and relative humidity

within test chamber
6. Sample holder retainer

7. Sample carousel for rotating
samples around xenon lamp
8. Filter cartridge for creating

specific light
® 9. Exterior cylinder

10. Socket for XENOSENSIV sen-

sor

11. Sensor bracket for holding 2

sensors
12. XENOSENSIV sensor

13. Exhaust air opening for re-

moving the heated
chamber air

test
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5.2.2 Chemical treatment

For the study of chemical effects of fertilizers on accelerated ageing of agriculture foil
commercially accessible nutrient supplements: BN Nutri Nova A, BN Nutri Nova B, BN
PH-, BN BioRoots, BN TML, BN-Zym, BN X-cel produced by Bio Nova (Netherlands) were
selected.

Baths of nutrient agents were prepared according to their function of plants growing and
were divided into four groups as given further. From each group were prepared two con-
centrations. First one corresponds to producer's instructions and second one exceeds ten

times the recommended dosage.

Group A: basic nutrition for artificial substrates

BN Nutri Nova A

This product contains 7.5% NOs; 0.7% NHj; 10.6% CaO; 0.04% Fe (chelated).
This fertilizer is recommended with Nutri Nova B product.

BN Nutri Nova B

This product contains 3.5% NOs; 4.7% P,0s; 5.5% K;0; 1.0% MgO; 4.6% SOy;
0,01% Mn; <0.01% B; <0.01% Cu; 0.2% Si. (Mn, B, Cu, Si are chelated.

BN Nutri Nova A+B together makes two component full mineral fertilizer with
food grade ingredients for cultivating on artificial substrates such as rockwool

slabs, polyurethane slabs

Group B: regulation pH
BN PH-
This product consists of 24,5% phosphoric-acid and it is intended for regulation

of pH.

Group C: roots stimulators and plant stimulators

BN BioRoots stimulator
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Stimulator consists of: 1.0% humic-acids; 3.0% ascophyllum nodusum; 3.0%
ascorbin-acid (vitamin C); 0.3% thiamin (vitamin B1); 0.5 % myo-inositol; 1.0%
L-glycine.

Stimulator improves the absorption of oxygen, quickens the root and cell de-
velopment, and quickens the transport of ions. Stimulator consists kelp extract
for healing of wounds and of chlorosis for increase the chlorophyll develop-
ment - more root-hair development. Myo-inositol is there for the forming of
cell walls and glycine for a better resistance and growth.

BN TML - The Missing Link

This product is composed of fulvic acid and colloidal minerals. Ultimate flower-
booster stimulating the plant’s natural defence system. The Missing Link con-
sists of a great number of special trace elements that have become essential

for the growth and flowering

Group D: growing stimulators

BN Zym
BN-ZYM is a natural bio-catalyst (process accelerator) based on specific en-
zymes. The main enzyme is cellulase, while pectinase and amylase are added to
assist in breaking down all waste materials.

BN X-cel
BN X-cel is a biological growing and flowering stimulator and contains the fol-
lowing ingredients: various vitamins, natural growing and flowering stimula-

tors, amino acids, bacteria, trace elements, enzymes, kelp and humic acids.

5.2.3 Time and ways of treatment

Prepared samples were treated in five various ways. Some samples were treated only by
UV radiation (XUV). Other sets of samples were treated only by bathing at fertilizers from
mentioned groups of fertilizers (Group A-D). Baths were prepared in two concentration
(1 and 2) for determine of the influence of concentration of fertilizers. Finally, next sam-

ples were treated by combination of UV radiation and bathing at fertilizers.
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Marking of samples corresponds to type (or combination) of treatment and it is shown in

Table 1.

Table 1: Marking of samples

Group of fertilizers concentration of fertilizes UV treatment or without UV

AB,CD 1,2 uv, ---

Times of chemical and UV treatment duration with corresponding radiation dosage per
several cycles of ageing are shown at Table 2. One cycle includes two part of treatment,
UV irradiation and bathing at fertilizers. Time data are divided in two groups according to

concentrations: recommended (1) and ten times exceeded (2).

Table 2: Times of UV radiation and chemical treatment

Xuv Al1l-D1 A2-D2
UV time |radiation dosage| Bath time Bath time
[hours] [k)/m?] [hours] [hours]
1 35 3244 69 43
2 76 7153 117 85
3 121 11297 160 150
4 165 15401 229 194
5 208 19481 273 238
6 263 24658 320 306
7 287 26878 363 354
8 334 31275 410 401
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5.3 Ageing evaluation methods

5.3.1 Infrared spectroscopy

FT-IR spectroscopy analysis - ATR method (Avatar 320, Thermo Nicolet, USA) was applied
to determine chemical changes of the macromolecule. The whole mid-infrared spectrum

(4000 — 550 cm-1) was measured. The spectra were taken as an average of 32 scans.

5.3.2 Differential scanning calorimetry

Melting (Tm) and crystallization (Tc) temperatures of the un/treated plastic foil were de-
termined using DSC 1 apparatus (Mettler-Toledo Inc., Switzerland) equipped with auto-
sampler and intracooler. The testing temperature range from 25°C to 140 °C was used
with a ramp rate of 20°C/min in the first scan in order to increase sensitivity of measure-
ments, while the rate of 5 °C was chosen for the second temperature ramp in order to

increase accuracy of the measurement.

5.3.3 X-Ray diffraction

X-ray diffraction was utilized in order to determine changes in crystallinity morphology
structure of tested foils employing X'Pert PRO diffractometer (PANalytical B.V., Nether-

lands). Crystallinity content was evaluated using High Score software.

5.3.4 Mechanical properties

Tensile tests with speed of 100 mm/min, carried out using TESTOMETRIC M350-5CT uni-
versal testing machine (Testometric Company Ltd., UK) on the samples of the rectangular
shape with the size of 8x45 mm approximately and initial grip length of 24 mm, were ap-
plied with the purpose to determine influence of accelerated aging on Young modulus,

tensile strength and elongation at break.

5.3.5 Spectrophotometry

Colour changes were determined by using UltraScan® PRO spectrophotometer (Hunter

Associates Laboratory Inc, USA) with standard Dgs illuminant source and 10° observer.
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From spectrophotometric measurement A values of L* a* b* coordinates were used for
Yellow index (YI) calculation. Samples were measured in opposite to white standard sup-
plied to spectrophotometer. Yellow index were evaluated by spectrophotometer control

software Easy MatchQ.
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6 RESULTS

6.1 Infrared spectroscopy

Evaluation of photodegradation was determined via change of carbonyl peak at
1711 cm™. Experimental data values are represented in Fig 23. in the form of carbonyl
index (Cl), calculated through Equation 2 as a ratio of peak areas at interval 1590-1803
cm™ and 2800-2866 cm™ determined by the help of Omnic software originally supplied

with IR spectrometr.

cr =4 Eq. 2

Aogy7
where is:
a1711: peak area at interval 1590-1803 cm™

O2847: peak area at interval 2800-2866 cm’?

While the effect of nutrient agents on carbonyl index for tested PE foils was visible in the
case of combination of UV treatment with chemical bathing, the evolution of CI for sam-
ples treated by nutrient agents baths only (samples A1-D1 and A2-D2) did not show
enough changes for qualification of the influence of selected fertilizers.

Evolution of carbonyl index vs. the ageing time for samples exposed to UV radiation only
(XUV) and samples exposed to combination of UV radiation and chemical treatment is
shown in Fig. 23. It is obvious from results, that majority of bathed samples show lower
value of Cl in comparison with XUV samples that indicate possible retarding effect of nu-

trient agents on photodegradation of foils during the ageing.
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Figure 23: Time evolution of carbonyl index of samples exposed to UV radiation only

(XUV) and samples exposed to combination of UV radiation with chemical treatment (in

both concentrations)
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Retarding effect of bathing is also visible in evolution of carbonyl index at appropriate
segments of ageing cycles (alternating UV and chemical treatment), as it is presented in
Figures 25 and 26, where decreases of Cl on the curves in connection with alternating of
foil treatment accompanying bathing are visible. In other words, there are lower values
of carbonyl index after bathing compared to the previous UV part of cycle. Presented
decreases of Cl could be connected with chemical reaction between products of photo-
degradation and components contained in fertilizers. Nevertheless, in spite of possible
retarding effect of fertilizers, carbonyl index of samples treated by combination of UV
and chemical treatment as well as samples treated by XUV grows up during the photode-
gradation.

Carbonyl index of samples treated by combination of UV irradiation and bathed at ten
times higher fertilizer concentrations solution (A2UV, B2UV, C2UV, D2UV) comparing to
samples A1UV, B1UV, C1UV, D1UV is higher. This dependence of Cl on nutrient concen-
tration is quite small in the case of B, C, D groups of fertilizers but strong influence of
concentration on carbonyl index was determined for samples treated by group A (com-

pare A1UV and A2UV in Fig. 23).

1.8

Xuv
1.5 7

1.2 1

carbonyl index

0.9 1
0.6

0.3 7

0 1 2 3 4 5 6 7 8

ageing time (cycles)

Figure 24: Evolution of carbonyl index for samples treated by UV

radiation only (XUV)
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Figure 25: Time evolution of carbonyl index for samples A1UV, B1UV,

Ciuy, D1uv
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Figure 26: Time evolution of carbonyl index for samples A2UV, B2UV,
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6.2 Differential scanning calorimetry

The DSC analysis was employed in order to examine changes in thermal behaviour of
tested PE foils. Temperature program consists of two heating/cooling scans between
temperatures 25°C and 140°C was utilized. Ramp (heating/cooling) rate of 20°C/min was
used in the first scan with the view of increase sensitivity to changes determination in
foils, while 5°C/min was applied in the second scan improving resolution of observe
changes in tested material.

Measuring of heat flow at first scan corresponding to structural changes of tested foils is
presented in Figure 27. Major influence of photodegradation is proved by results of heat
flow measuring of bathed only samples (unirradiated). In this case there is visible de-
crease of heat flow after first two bathing cycles, while there are no significant changes
farther. Regarding irradiated samples it could be stated that, there is similar trend in
thermal behaviour of the both types of samples - exposed to UV irradiation (XUV) and
samples UV irradiated and bathed - increase of crystallinity follows initial decrease in be-
ginning stage of ageing. It should be noted, that mentioned curve trends seems to be
affected by chemical treatment, as heat flow grows up already after first ageing cycle in
opposite to unbathed (XUV) samples where heat flow increase is not recognized until
three cycles are repeated. Nevertheless differences between heat flow values revealed
main influence of UV irradiation which is only partially affected by appropriate chemical

treatment.
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Figure 27: Heat flow at mW from first scan (first melting 20°C/min) for samples treated

by UV radiation and fertilizer baths at normal concentration, treated by UV radiation and

fertilizer baths at tenfold concentration (both in comparison with samples UV irradiated

only), and for samples treated by fertilizer baths only at both concentrations
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Practically the same situation occurred after the second scan at ramping rate 5°C/min as
it is visible in Figure 28. Second scan of UV irradiated samples is the similar as the first
one but changes in structure of material comparing unbathed and bathed samples are
more significant. Increasing value of heat flow of irradiated samples corresponds to ex-
pected increase of crystallinity as a consequence of (photo)degradation. The increase of
crystallinity is connected with chain scission which produces higher amount of shorter
chains that can crystallize more easily than longer ones.

Increase of crystallinity is supported by results shown in Figures 29 and 30 where crystal-
lization temperatures of UV irradiated samples are presented. Increase in crystallization
temperature of UV irradiated samples in the first scan at ramp rate 20°C/min could be
connected with thermal annealing by increased temperature in UV chamber. Neverthe-
less this trend is visible also in the second scan at ramp rate 5°C/min that refer to sup-
plementing effect of UV irradiation on material structure, since from measuring of crys-
tallization temperature in the case of bathed samples without UV irradiation it is not evi-
dent any influence of chemical treatment (see Figures 29 and 30). First scan indicates
increase of crystallization temperatures for all bathed (only) samples after first two age-

ing cycles, while this effect disappears in second scan.
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Figure 28: Heat flow at mW from second scan (first melting 5°C/min) for samples
treated by UV radiation and fertilizer baths at normal concentration, treated by UV
radiation and fertilizer baths at tenfold concentration (both in comparison with sam-

ples UV irradiated only), and for samples treated by fertilizer baths only at both con-

centrations
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Figure 29: Crystallization temperature at cooling rate 20°C/min for samples treated by
UV radiation and fertilizer baths at normal concentration, treated by UV radiation and
fertilizer baths at tenfold concentration (both in comparison with samples UV irradi-

ated only), and for samples treated by fertilizer baths only at both concentrations
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Figure 30: Crystallization temperature at cooling rate 5°C/min for samples of samples
treated by UV radiation and fertilizer baths at normal concentration, treated by UV radia-
tion and fertilizer baths at tenfold concentration (both in comparison with samples UV

irradiated only), and for samples treated by fertilizer baths only at both concentrations
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6.3 X-Ray

X-ray diffraction was utilized mainly for determination of changes in crystallinity of sam-
ples during the accelerated ageing. Changes in crystallinity are connected with chain scis-
sion during the degradation as it was mentioned in previous chapter. X-ray spectra was
measured in the 2-theta range from 10 to 45 degrees, while range of 10-26.5 degrees
was employed for evaluation of crystallinity. This range includes two major peaks charac-
teristic for polyethylene (21,35 and 23,8 degrees). For evaluation of crystallinity High
Score software supplied with X'pert Pro Diffractometer was used. Calculated crystallinity
of samples treated by UV irradiation only (XUV), bathing only, and combination of the

both effects is summarized in Table 3 and Table 4.

Table 3: Crystallinity of samples treated by combination of UV irradiation and chemical

treatment and samples UV irradiated only

cycles/ | A1UV | BIUV | CIUV | D1UV | A2UV | B2UV | C2UV | D2UV | XUV
crystall. | [%] [%] [%] [%] [%] [%] [%] [%] [%]
0 69.7 | 69.7 | 69.7 | 69.7 | 69.7 | 69.7 | 69.7 | 69.7 | 69.7
2 636 | 658 | 632 | 645 | 618 | 609 | 512 | 56.8 | 65.6
4 639 | 634 | 611 | 60.0 | 57.7 | 60.0 | 585 | 583 | 62.0
6 641 | 674 | 653 | 672 | 629 | 59.6 | 615 | 653 | 64.7
8 639 | 681 | 702 | 613 | 662 | 614 | 674 | 61.7 | 66.1

Table 4: Crystallinity of samples treated by chemical bathing

cycles / Al Bl c1 D1 A2 B2 Cc2 D2
crystallinity | [%] [%] [%] [%] [%] [%] [%] [%]
0 69.7 69.7 69.7 69.7 69.7 69.7 69.7 69.7

66.5 71.4 73.4 76.3 60.6 64.6 66.7 65.2

71.7 69.0 70.9 80.2 63.9 62.2 67.1 69.8

73.5 67.0 73.2 73.7 60.2 67.6 68.7 65.6

o |~N

69.3 71.1 71.8 71.8 61.0 62.9 68.5 67.6
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As it is clear from the changes of crystallinity of UV irradiated samples (depicted in Figure
31), the same trend as it was observed in DSC analysis was described. Namely, develop-
ment of crystallinity shows the same decrease and following increase similarly to evolu-
tion of heat flow values determined during the melting of samples (see Figures 27-28).
The effect of concentration of bath on samples exposed to combination of UV irradiation
and chemical treatment was observable mainly during the first four cycles of ageing,
when samples treated by recommended concentration reaches higher values of crystal-
linity in comparison with the samples treated using highly concentrated baths.

It is noticeable that changes in crystallinity of samples bathed only also correspond to
results of DSC analysis. Crystallinity did not show any visible changes in trend and oscil-

late around starting value of about 70%.
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Figure 31: Crystallinity of samples treated by UV radiation and fertilizer baths at normal
concentration, treated by UV radiation and fertilizer baths at tenfold concentration
(both in comparison with samples UV irradiated only), and for samples treated by fertil-

izer baths only at both concentrations
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6.4 Mechanical properties

From results of tensile tests, presented in Fig. 32, it is obvious that there was no signifi-
cant influence of bathing in fertilizers solution on elongation at the break. On the other
hand, it is evident that the main effect on elongation at break of tested material had UV
treatment. Although samples treated by combination of UV irradiation and bathing
showed after two ageing cycles rather higher values of elongation than samples exposed
to UV irradiation only, this effect was diminished in the following time of degradation.
Increasing of drawability within the first two cycles of ageing could be connected with
retarding effect of fertilizer baths on photodegradation already mentioned in previous
chapters.

Moreover, significant decline of elongation from 300 to 80% after four cycles should be
highlighted. During the rest of fourth ageing cycles elongation at break only slowly de-
crease from 80% to end value of about 40%. Fact that major influence on tensile proper-
ties of samples had UV irradiation is promoted by results of elongation at break for sam-
ples only bathed, while it could be stated that influence of bathing (without UV irradia-
tion) on elongation at the break of samples was practically insignificant. During the age-
ing the values of elongation at break oscillated about original value without any depend-
ency.

Similar founding was described also for the case of Young modulus of samples treated by
bathing only (shown in Figure 33). Contrariwise another situation was documented for
Young modulus of samples treated by UV irradiation. Obviously, Young modulus of UV
irradiated samples seemed to be influenced by chemical treatment, since samples
treated by combination of UV irradiation and bathing showed the same decrease and
following increase of Young modulus like XUV samples during first four cycles of ageing
but during the last four cycles Young modulus of XUV samples decayed in contrast to

bathed samples which maintained their Young modulus to the end of test.
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Figure 32: Elongation at the break for samples of samples treated by UV radiation and

fertilizer baths at normal concentration, treated by UV radiation and fertilizer baths at

tenfold concentration (both in comparison with samples UV irradiated only), and for

samples treated by fertilizer baths only at both concentrations
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Figure 33: Modulus for samples treated by UV radiation and fertilizer baths at normal
concentration, treated by UV radiation and fertilizer baths at tenfold concentration (both
in comparison with samples UV irradiated only), and for samples treated by fertilizer

baths only at both concentrations
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Figure 34: Strength at break for samples treated by UV radiation and fertilizer baths at

normal concentration, treated by UV radiation and fertilizer baths at tenfold concentra-

tion (both in comparison with samples UV irradiated only), and for samples treated by

fertilizer baths only at both concentrations
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Similarly in the case of strength at break the samples treated by UV radiation showed the
greatest decline, which is retarded in the case of samples treated by combination of both
ageing procedures (see Figure 34). As it is clear from the figure, increase of strength in
first two cycles is obtained for all tested samples, which is followed by decrease during
the rest of ageing. Additionally, it could be stated that the same curve profile - increase
followed by decline - was determined for strength of samples bathed only. Nevertheless,

this tendency is not intensive as in the case of irradiated samples.

6.5 Yellowness index

Changes in optical properties of aged samples, described in the form of Yellowness index,
are shown in Figure 35, where comparison UV irradiated samples, bathed samples and
samples treated by both procedures is presented.

From presented results, it is clear that both unbathed UV irradiated samples (XUV) and
samples treated by combination of UV irradiation and bathing show variation in increase
of Yellowness index in opposite to bathed samples only. Mentioned alternation could be
caused by irregular change of optical properties reached at sample surface during the UV
and chemical treatment, since indication of multicolour maps were observed on some of
tested samples, and it could be moreover simultaneously magnified by the fact that opti-
cal measurement were carried out on the small fraction of sample only. While, the evolu-
tion of Yl is uniform in the case of bathed samples, its increment is insignificant and

hardly distinguishable for naked eye.
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CONCLUSION

Polyethylene mulch foils are exposed to weather conditions all of their lifetime which can
be simulated by method of accelerated ageing. Accelerated ageing studies usually do not
include influence of chemicals so the aim of this work was evaluate the influence of fertil-
izers on photodegradation process of LDPE based mulch foil. Accelerated physi-
cal/chemical aging of studied foil was performed utilizing Xenotest apparatus in combina-
tion with baths in selected commercially available fertilizers.

From thermal analysis carried out by the mean of differential scanning calorimetry influ-
ence of chemical treatment on photodegradation process was determined. Obtained
results indicated retardant effect of fertilizers on photodegradation kinetic and following
changes in material structure namely during the beginning period of ageing. It should be
highlighted that the most significant retarding effect of fertilizer bath on kinetic of UV
ageing was however described via tensile testing. In spite of this fact all UV irradiated
samples (even bathed ones) lost more then seventy percent of its mechanical perform-
ance during first half of chosen ageing time, while it was diminished by additional very
fifteen percent tills the end of testing period. Even at that time all tested foils still held
together, indications of samples destruction, as a small cracks and tendency to twist,
were visible and more pronounced for irradiated samples. While significant colour
changes were expected, mainly yellowing, these were not observed utilizing colourimetry
measurements.

Even, thermal analysis and mechanical tests did not approve influence of fertilizers con-
centrations variation, this was confirmed through X-ray diffraction spectroscopy results.
Noticeably concentration of fertilizers ten times higher than recommended one evoked
higher inhibition potential to photodegradation process. The influence of concentration
of fertilizer baths on retardant effect was moreover supported by results of infrared
spectroscopy, where declines of carbonyl index of UV irradiated samples after bathing
segments of ageing cycles were observed in comparison to unbathed samples presenting
uniform increase of carbonyl groups in tested material during the ageing time only.

It was proved by performed experiments that even there are certain retardant effects of
fertilizers on photodegradation, UV radiation is the main driving force of deterioration of

tested LDPE based agriculture foils during the (accelerated) weathering.



TBU in Zlin, Faculty of Technology 62

BIBLIOGRAPHY

[1]

(2]

3]

[4]

5]

(6]

[7]

8]

[9]

[10]

[11]

Corrales T. et al.: Photooxidative and thermal degradation of polyethylenes:
interrelationship by chemiluminescence, thermal gravimetric analysis and FTIR
data, Journal of Photochemistry and Photobiology A: Chemistry, vol. 147 (2002),
213-224

Analysis of Polymers by ATR/FT-IR Spectroscopy, Application note - 0603, PIKE
Technologies, 2005

Q. Zhao et al.: Aging of ethylene-propylene-diene monomer (EPDM) in artificial
weathering environment, Polymer Degradation and Stability vol. 92 (2007),

1841-1846

James L. White, David D. Choi: Polyolefins: processing, structure development &

properties, Carl Hanser Verlag, Munich 2005, ISBN 3-446-22962-0

Steven M. Kurtz, PhD: UHMWPE Biomaterials Handbook, Academic Press 2006,
ISBN: 978-0123693907

Klyosov, Anatole A.: Wood-plastic composites, Wiley-Interscience 2007 ISBN:
0-470-14891-8

Wypych, George - Handbook of material weathering 2nd editon, Asm Intl 1995,
ISBN: 1895198127

prof. Ing. Duchacek V., DrSc.: Polymery — vyroba, vlastnosti, zpracovani, pouziti,

2006, druhé vydani, VSCHT v Praze, ISBN 80-7080-617-6

Anthony Davis, David Sims: Weathering of polymers, Springer 1983
ISBN: 0853342261

Dr. Olivier Haillant: Polymer Weathering: A Mix of Empiricism and Science, Atlas

MTS - Material Testing Product and Technology News, Vol. 36, Issue 76

G.J. Shugar and J.T. Ballinger: Chemical Technicians Ready Reference Handbook,
4th edition, McGraw-Hill Inc., New York 1996, ISBN 0—07-0571 86—4



TBU in Zlin, Faculty of Technology 63

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Frank A. Settle: Handbook of Instrumental Techniques for Analytical Chemistry,

Prentice Hall 1997, ISBN: 0131773380
B. H. Stuart: Polymer Analysis, John Wiley & Sons, UK 2002, ISBN: 0471899267

Bas van Gestel: Differential Scanning Calorimetry - Literature study Solid State
Chemistry Institute for Molecules and Materials, Radboud University Nijmegen

2007

Neil D. Jespersen: Thermal analysis, AccessScience, © McGraw-Hill Companies

2008, available from <http://www.accessscience.com> [Cited 2011-06-24]

Introduction to X-ray Diffraction, Materials Research Laborotary of University of

California, Santa Barbara, available from

<http://www.mrl.ucsb.edu/mrl/centralfacilities/xray/xray-basics/index.html|>

[Cited 2011-06-18]

Birkholz M.: Thin Film Analysis by X-Ray Scattering, Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim 2006, ISBN: 3-527-31052-5

Rhodes G.: Crystallography made Crystal Clear a guide for users of macromolecu-

lar models, Academic Press 2006, ISBN: 0-12-587073-6

Basics of X-Ray Diffraction, MIT Center for Materials Science and Engineering -

tutorial texts, available from
<http://prism.mit.edu/xray/tutorials.htm> [Cited 2011-06-27]

Davis J. R.: Tensile Testing, Second Edition, ASM International 2004, ISBN:
0-87170-806-X

Blum, P., 1997, Physical properties handbook: a guide to the shipboard meas-
urement of physical properties of deep-sea cores. ODP Tech. Note, 26 [Online].

Available from World Wide Web:
<http://www-odp.tamu.edu/publications/tnotes/tn26/INDEX.HTM>
[Cited 2011-07-03]

CIE L*a*b* color scale, HunterLab Applications notes, Vol.8 No. 7, available from

<http://www.hunterlab.com> [Cited 2011-07-05]



TBU in Zlin, Faculty of Technology 64

[23] Equivalent White Light Sources and CIE Illuminants, HunterLab Applications

notes, Vol.17 No. 5, available from
<http://www.hunterlab.com> [Cited 2011-07-05]

[24] Yellow indices, HunterLab Applications notes, Vol.8 No. 15, available from

<http://www.hunterlab.com> [Cited 2011-07-05]



TBU in Zlin, Faculty of Technology

65

LIST OF ABBREVIATIONS

uv Ultraviolet

PE Polyethylene

LDPE Third abbreviation meaning.

HDPE High density polyethylene

UHMWPE Ultra high molecular weight polyethylene
LLDPE Linear low density polyethylen

IR Infrared

v wavenumber

A wavelength

T Transmittance

A Absorbance

ATR Attenuated Total Reflectance

FT-IR Fourier transform infrared (spectroscopy)
DSC Differential Scanning Calorimetry

Tg Glass transition temperature

Tc Crystallization temperature

Tm Melting temperature

XRD X-ray diffraction

d the spacing between the planes in the atomic lattice
0 angle between the incident ray and the scattering planes
CIE The Commission Internationale de L’Eclairage
CIELAB CIE (L*, a*, b*) color system

L* CIE (L*, a*, b*) color system coordinate
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a*

b*

Yl

BN

XUV

cl

CIE (L*, a*, b*) color system coordinate
CIE (L*, a*, b*) color system coordinate
CIE standard illuminant

Kelvin

Yellowness Index

Bio Nova

sample UV irradiated only

Carbonyl index
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