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Abstract: The article presents the influence of accelerated UV ageing on the structural properties of
selected polymer materials. In this study, 3 types of materials from a group of thermoplastics known as
PP30T, PE, POM were used. The test samples were prepared by injection moulding. In turn, an
accelerated UV ageing process (600 h) was carried out in the UV Test chamber with fluorescent lamps
characterized by a wavelength of 313 nm. Changes in the structure of the tested materials were observed
by using an optical microscope. Measurements of gloss on the surface of primary samples that were
exposed to UV rays were also taken. In addition, the structure of primary and aged samples was tested
by differential scanning calorimetry (DSC). The conducted studies have demonstrated the impact of UV
radiation on the changes in the surface layer of tested materials.
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1. Introduction

Polymer materials are very widely used in the manufacturing of products in all industrial sectors.
Their popularity is associated with a relatively low price, very good price-performance ratio and high
availability, as well as significant possibilities of modification of physical and functional properties [1].
The disadvantages of using polymer materials include, among others, changes in their properties under
the influence of physical and chemical factors occurring in the conditions in which they are used. These
include i.a.: temperature of use, chemical agents and light radiation, particularly UV. An important
element which enhances the physical and chemical agents’ effect is the simultaneous deformation of the
products of plastics during their use [2]. They significantly affect the degradation processes of polymers
[3+11].

Degradation which is caused by physical factors is termed as the ageing of the polymers [12].
Understanding the impact of ageing on the change in physical properties, as well as the utility of
polymeric materials is essential for the correct selection for given application and subsequent failure-
free exploitation of elements made from them. Degradation contributes to the formation of irreversible
or much less reversible changes in the structure and physical properties of polymer materials [13 + 15].

There are the following types of degradation:

- thermal degradation, which occurs under the influence of the increased operating temperature or
its rapid changes during the use of products [16],

- chemical degradation, caused by the effect of chemical compounds,

- radiation degradation, which occurs under the impact of high-energy radiation,

- biodegradation, caused by the activity of microorganisms and enzymes on the structure of
polymers,

- mechanodegradation occurring under the influence of the breakage of macromolecules as a result
of exceeding the cohesion forces of the polymer moulded piece or its exploitation with a significant load,

- oxidative degradation, etc.

*email: nmarcell@wp.pl

Mater. Plast., 57 (3), 2020, 41-51 41 https://doi.org/10.37358/MP.20.3.5378


https://revmaterialeplastice.ro/

MATERIALE PLASTICE @ @
https://revmaterialeplastice.ro A

https://doi.org/10.37358/Mat.Plast.1964

In natural conditions, most often with the interaction of different types of degradation with different
intensities of the impact of degradation factors occurs, which example is simultaneous impact of
atmospheric (chemical and thermal degradation) and mechanical factors (mechanodegradation) on
stadium seats during their use [12, 17 + 19]. In turn, in this study, [32, 33], it was found that the effect
of many factors at the same time enhances the degradation processes. In publications [25, 26] it was
pointed out that polymeric materials are characterized by different resistance and behaviour during
keeping in aggressive substances.

Photodegradation, which occurs as a result of exposure to ultraviolet radiation or the visible spectrum
of white light on components, is one of the most common process found during use of products made
from polymer materials. Absorption of UV / VIS rays in the material appears when the energy of the
absorbed radiation is equal to, or greater than the energy of decomposition of selected bonds occurring
in the polymer macromolecules. This process was described in detail in [18, 20, 21]. In turn, in papers
[28, 29] the influence of UV ageing on changes in the structure of polymer materials was demonstrated,
which have a significant impact on the exploitation of products made of these materials. Photo-
degradation can lead to the deterioration of strength properties (tensile or bending strength), colour
changes, gloss of moulded products. Initially, this process mainly occurs on the surface of polymeric
products, causing fogging or micro-cracks. Their presence has a destructive effect on the polymer since
it allows the penetration of volatile substances, e.g.: oxygen and a liquid in the deeper layers of the
material, which facilitates the intensification of the processes of chemical degradation [22]. In the paper
[30] the influence of accelerated ageing on the surface layers of aged materials was demonstrated. UV-
A radiation can cause e.g.: yellowing of the material, fading or so-called chalking of the surface layer,
which consequently changes the gloss of the surface. On the other hand, UV-B rays contribute to changes
in physical properties, mainly tensile strength and impact strength [23]. Photodegradation can be delayed
by adding photostabilisers to materials - UV absorbing agents, quenching excited states of atoms or
bonding free radicals [20, 24]. In the publication [31], it was shown that additives in the form of
photostabilisers contribute to delaying the degradation processes.

Due to the increasing application of polymer materials in various industries, there is a need to test
polymer materials in terms of these complex processes [25+29]. As mentioned, various factors affect
the polymeric materials during the use, whereby their interaction intensifies the degradation processes.
Therefore, it is necessary to carry out research on the influence of the different conditions of their use
and manufacturing methods and load condition on the process of degradation.

The aim of the research presented in the publication was to analyse the impact of accelerated UV
ageing on changes in the structural properties of selected semi-crystalline materials.

2. Materials and methods

Materials from the thermoplastic group that were used in the research:

- poly (acetal) POM with the trade name ULTRAFORM POM 9,

- poly (propylene) with 30% talc content PP30T with the trade name MOLPEN HP 500,

- poly (ethylene) PE with the trade name HDPE 51090.

In addition, 2% of the masterbatch GRAFE was added for all materials with the exception of poly
(acetal) on the carrier suitable for each material. The concentrates used were as follows: S6156-GR,
S5152-GR. A suitable weight of the additives was weighed to an accuracy of + 0.1 mg using a Sartorius
CP225 scale.

Before the production of test samples, all materials were prepared in accordance with the
manufacturers' recommendations (temperature and drying time). Test specimens (rectangular type, and
the A1 dumbbell-shaped) were performed using an injection moulding machine known as KraussMaffei
KM65-160C4. Injection parameters are shown in Table 1.
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Table 1. Injection parameters of tested materials

Material
Parameter
POM PP30T PE
Injection temperature, °C 200 220 230
Injection speed, mm/s 40 60 60
Injection pressure, MPa 100 100 100
Injection time, s 0.52 0.62 0.58
Holding pressure, MPa 50 50 50
Pressing time, s 10 18 18
Cooling time, s 20 20 20

The places where microscopic observations were made were marked on the samples. The obtained
specimens were then subjected to accelerated UV ageing in the ATLAS UV Test device. The total
exposure time of the samples was 600 h and was divided into two cycles of 300 h for each. The prepared
samples were installed before inserting the device in special frames.

The source of radiation came from eight fluorescent lamps with a wavelength of 313 nm UV-B.
Before the beginning of the ageing process, as well as after every 200 h of working, the UV source was
calibrated in order to maintain the repeatability of the dose affecting the tested samples. A radiation
intensity of 0.89 W / m? was used. The temperature in the ageing chamber was 45°C.

The intensity of solar radiation is measured in KLy (kilo Langley) - units used to measure sunlight.
Subject-related literature data suggests that the average intensity of solar radiation in the region of
Europe is 120 KLy / year at a radiation intensity of 1.33 W / m?, which corresponds to 100 h of ageing
tests under laboratory conditions. At the assumed radiation intensity of 0.89 W / m?, the total test time
was 600 hours, which is equivalent to 4 years of ageing in natural conditions.

To observe the changes occurring on the surface of the samples subjected to irradiation the Keyence
VHX 900F digital microscope was used, which thanks to the movable optical system, enables to observe
the samples at different angles. Measurements were taken at the following magnifications: 10x, 20x and
50x, 100x and 500x. The original samples were tested as well as these after the first and second UV
irradiation cycle were studied. In addition, in order to emphasize the changes on the surfaces of the tested
specimens and to assess the depth at which degradation occurs, the red DIFFU-THERM penetrant was
used. This substance that is applied in flaw detection in welded joints studies, facilitates visualisation of
even minor surface defects thanks to its penetrating deep into the material.

The gloss test was carried out using an Elcometer 406 glossmeter. Measurements were taken after
the ageing process and on reference samples at five locations on each specimen.

In turn, the structure of polymer materials was assessed with the use of the differential scanning
calorimetry (DSC) method, which allows to observe and measure thermal effects accompanying the
phenomena occurring in the tested samples. This technique draws upon the difference in the flow of heat
fluxes (®m) between the furnace and the test substance (®s), and between the furnace and the reference
sample (®r) under the influence of the set temperature:

by, = O — Pp (1)

Thanks to DSC tests, it is possible to determine, including: the degree of crystallinity, melting and
crystallisation temperature, glass transition temperature and others. Studies were carried out on a 214
Polyma NETZSCH DSC apparatus, which uses the method of measuring the heat flux. An empty
crucible and crucible with a prepared sample are placed on a disk with multiple thermocouples and then
the changes in heat flow are recorded. The total amount of transferred heat (Q) corresponds to the time
associated with the heat flow rate:
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dQ
Q=[dt )

The heat flow rate is the amount of heat transferred per unit of time (dQ/dt), expressed in watts (W)
and milliwatts (mW). In turn, the content of the crystalline phase (o) is determined from the following

formula:

o = ——x100%, 3)

AHgot,r

where:

AH;j — enthalpy of sample melting in J / g determined from a thermogram,

AHtwot T — theoretical enthalpy of melting completely crystalline polymer.

The tests were performed for non-aged (reference) samples and samples aged in the UV chamber.
Here it should be mentioned that, the largest structural changes were observed in the surface layer, hence
the DSC studies used this part of the tested samples where the impact of radiation and thus the
degradation changes were the largest. Measurements were taken at a heating rate of 10 K/min, in
accordance with PN-EN ISO 11357 standard. The obtained results were developed in the Proteus
Analysis program.

3. Results and discussions

Observation of the surface of samples subjected to UV ageing shows that it has a negative impact on
the surface layers of the tested materials and that these processes occur in these materials with different
dynamics. The differences also relate to the nature of surface changes and the depth of their propagation
in the tested sample. Figures 1-6 present the results of tests before and after ageing with UV rays at x100
and x500 magpnification, along with the spatial representation of the surface.

In the case of samples from semi-crystalline materials, significant changes can be observed on the
surface of the tested specimens that are already visible to the naked eye.

Samples made of PP30T (Figure 1) are not only distinguished by a significant colour change, but
also by numerous material losses on the entire surface of the samples, whereby the exposure time
increases, the effects of degradation are more intense. At 500x magnification, numerous cracks with
clearly visible particles of exposed talc can be seen. In turn, on the spatial projection of the sample
surface (Figure 2), it may be seen that the changes do not only apply to the surface, but also affect the
depth of the material.

i 10prn X5 U e, s .lo.om_
Figure 1. Surfaces of PP30T specimens samples: a) primary sample
at a100x magnification, b) primary sample t 500x magnification, c) sample after

600 h UV at 100x magnification, d) sample after 600 h UV at 500x magnification
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Figure 2. The spatial representation of the surface of the
sample PP30T UV after ageing

UV ageing caused the formation of cracks on the entire surface of the samples made of
poly(ethylene), as shown in Figure 3. In process of exposure time, more and more of them appeared and
were increasingly visible. This — in turn — caused a general decrease in the strength properties of the
tested material, due to the greater susceptibility to cracking, which was discovered organoleptically.

Figre 3. Clearly visible propaation of cracks on the surface of PE
samples at x50 magnification: a) after 300 h UV irradiation,
b) after 600 h UV irradiation

In samples made of PE, the nature of the surface changes is quite different than for specimens made
of talc-filled PP. Parallel cracks oriented perpendicular to the flow front of the material in the injection
mould are only visible on the entire surface (Figure 4) of the samples. The longer radiation time only
caused concentration of the formed cracks, which nature indicates probably the influence of the flow
and pressure drop in the filling process and the clamping phase. The spatial representation of the aged
surface does not show any significant differences in the heights of the highest and lowest areas, which
may be clearly seen during observing the cross-sections.

Figure 4. Surfaces of PE
specimens samples: a) primary
sample at 100x magnification, b)
primary sample at 500x
magnification, c) sample after
600 h UV at 100x magnification,
d) sample after 600 h UV at 500x
magnification
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Samples made of poly(acetal) POM (Figure 5-6) are characterized by the complete loss of gloss. The
surface of original samples is characterized by the presence of numerous bubbles that disappear under
the influence of UV rays. In process of exposure time, their surface layer changes and the phenomenon
of chalking may be observed on the surface. At higher magnifications, numerous irregular cracks are
visible on the surface of the tested samples. In these gaps, loose particles of material separated from the
native material may be observed which were formed as a result of the degradation processes (Figure 6).

x500

d)

Figure 5. Surfaces of POM specimens samples: a) prlmary
sample at 100x magnification, b) primary sample at
500x magnification, ¢) sample after 600 h UV at 100x magnification
d) sample after 600 h UV at 500x magnification
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Figure 6. The spatial representation of the surface of
the sample POM UV after ageing

Cross-sections of samples made of semi-crystalline materials (Figure 7) allow for more accurate
measurements of the thickness of the degraded layer and the intensity of its impact on surface layers.
These research shows that POM is the least susceptible to degradation - the average thickness of the
degraded layer was 125,9 um. In turn, the most easily degradable material is poly(ethylene) - the
thickness of this layer totalled 311,5 um. In the case of polypropylene with the addition of talc the
thickness of the degraded layer amounted to 271,2 um. The difference between these materials in the
thickness of the degraded layer hovered 280 um.

«1)
i 2712pm =il ™ 311.5 125.9um )

Flgure 7. The cross-sections of samples of semi- crystalllnematerlals with
a marked layer of UV radiation: a) PP30T, b) PE, c) POM
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An important factor in the processes of degradation of the surface layer of polymers is the gloss
change, which from the point of view of colour perception, affects the intensity of light scattering. Table
2 presents the averaged values of gloss measurement with an angle of light on the surface of 60° for
primary and aged samples. The highest gloss value of non-aged samples was observed for poly (acetal)
POM, while the lowest for poly (propylene) PP30T, which may be due to the addition of talc. In the case
of semi-crystalline materials, a general decrease in gloss may be observed under the influence of UV
rays, whereby the largest decrease was recorded for POM, while the smallest one for PE.

Table 2. Averaged gloss measurement values at 60° angle of light

Averaged gloss values, GU° Gloss Unit AGU’

Material The sample subjected to 600 h UV

Primary sample, Percentage change

GU/ standard deviation irradiation pgocc.ass., GU standard in gloss, %
eviation
POM 54.1/0.85 2.4/0.14 95.57
PP30T 18.5/0.99 9.4/0.85 49.19
PE 44/ 3.11 37.75/ 2.76 14.20

The DSC method was used to analyse changes in thermal properties of the degraded layer, whereby
in order to analyse the changes in the properties of the degraded surface relative to the reference samples,
the mechanical loose (degraded) surface of the samples was removed and submitted to examination.
Figures 8+10 show DSC thermograms of samples before and after ageing. A second heating process was
used to remove the thermal history of the samples tested and to remove the impact of their processing.
Two graphs are presented on the thermograms (the first from the top of the original samples, while the
second below for samples subjected to the process of irradiation with 600 h of UV rays).
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Figure 8. DSC
thermograms of PP30T
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Figure 9. DSC
thermograms of PE
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Figure 10. DSC thermograms of POM

In turn, in Table 3 the results of DSC tests were correlated. It shows that a decrease in the value of
the melting enthalpy after the accelerated ageing was observed for all studied materials. Based on these
values, it is possible to calculate the degree of crystallinity of the tested materials. The largest decrease
in melting enthalpy and the degree of crystallinity was observed for samples made of POM, while the
smallest ones for PE specimens. In both poly(ethylene) and poly(acetal) the melting range was narrowed
down under the influence of UV radiation. On the other hand, a slight decrease in comparison with
primary samples was recorded for polypropylene with the addition of talc. Significant shifts in melting
and crystallisation temperatures were observed for POM and PP30. This phenomenon could be caused
by the shortening of the macromolecule length (change in the molecular weight distribution of the tested
samples). In addition, in the case of these samples, the presence of an additional peak was observed. For
samples made of PE, a slight drop in the melting point and increase in crystallisation temperature were
noted.

Table 3. Results of semi-crystalline samples obtained by DSC
The
temperature at

. Melting point - - Enthalpy of The degree of Crystallisation
Material range, °C which melting melting, J/g  crystallinity, % temperature, °C
occurs fastest,
°C
Zgr;“sg 158.3+168.7 164.0 54.39 26.02 1206
PP30T
UV aged 131.5+141.7 139.3 44.19 21.14 1115
sample 147.3
Primary 124.8+141.6 133.9 198.1 67.60 1136
sample
PE UV aged
g 124.1+136.1 129.3 192.7 65.78 114.9
sample
Primary 163.5:176.5 168.2 156.1 47.90 143.0
POM sample
UV aged 153.1+161.6 156.7 89.06 27.32 139.7
sample 160.1

During accelerated UV ageing various types of structural changes occurred in the tested polymer
materials and their phase composition changed - an increase in the proportion of the amorphous phase
and a decrease in the crystalline phase was observed. The degradation of semi-crystalline materials most
likely resulted in shorter, irregular sections of macromolecules, which weakened the nucleation process.
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4. Conclusions

The study of accelerated ageing of polymeric materials in various physicochemical conditions
enables to determinate the probability of changes in their properties in the process of time of degrading
factors’s effects.

The analysis of the conducted tests allows to state that UV radiation has a significant impact on the
surface changes of polymer materials. Studies on the microscope show that it contributes to the formation
of numerous damages to the surface layer of the tested materials — micro-cracks, surface defects or
chalking. Changes in the surface layer of samples made of poly(acetal), poly(ethylene) and
poly(propylene) are visible to the naked eye after a short time.

The spatial representation of the surface of aged samples of semi-crystalline materials shows
significant differences in the nature of surface degradation processes. For example, PP samples filled
with talc exhibit a much more intense development of the degraded surface, which in turn affects the
dynamics of the processes of destruction of the surface layer. A very unfavourable phenomenon
observed for POM material is the formation of a significant number of cracks and deep craters located
at short distances. This may cause a very disadvantageous phenomenon of increasing the active surface
of the impact of environmental factors, including liquids, which together with UV radiation may
significantly accelerate the destruction of the material.

Research sections of the specimens subjected to ageing allow to assess the depth of the impact of
radiation into the sample. The largest changes in the surface layer were observed for poly(ethylene)
samples, while the use of a penetrant facilitates easier determination of the degraded surface layer of the
tested materials.

UV ageing reduces the gloss of semi-crystalline materials. The largest changes in gloss were
observed for POM and amounted to 95.57% of the initial value.

Analysis of the obtained DSC results enables the assessment of changes in the structure properties
of the tested materials, which informs that they occur most quickly within a small thickness of the surface
layer. Studies have shown that after ageing, the melting enthalpy value and the degree of crystallinity
decrease, while the melting range narrows down.

During the action of UV rays on samples made from PP30T, PE and POM, it is most likely that their
phase composition changed — namely the proportion of the amorphous phase to the crystalline phase
increased in relation to the primary samples. The accelerated ageing process probably caused the
shortening of some macromolecules (especially in the surface layers of the tested samples).

In the conducted research, it is worth paying attention to the nature of the changes appearing in
individual materials. Surface changes during the full ageing period may contribute to faster propagation
of changes in the surface layer and thus even more intensify the ageing process.

An important factor in the accelerated tests by laboratory methods is also the reference of their results
to analogous tests in natural conditions, where in addition to the impact of UV radiation to a wider extent,
it is also dealt with changes in temperature, humidity or the impact of rainfall and other chemicals
founding the atmosphere.

Future research will be expanded by comparing them with the ageing process in natural conditions.
The presence of colouring agents may have delayed the ageing process. Their role may form the basis
for further research.
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