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Abstract—Dynamic mechanical relaxation spectroscopy is used to study the effect ultraviolet exposure has on
the temperature dependence of the frequency of the vibrational relaxation in highly elastic polyacrylate local-
ized on different metal substrates. The polymer modulus defect that characterizes the inelastic properties of
the elastomer is calculated. It is shown to grow in non-irradiated and UV-irradiated polymers when they are
localized on substrates in the series copper—brass—aluminum, testifying to the effect of the surface energy of
the metal. An increase in the modulus defect of irradiated polymers relative to non-irradiated polymers and
the fragility of the polymer after UV exposure is also observed. The values of the polymer modulus defect are
compared to the temperature of the glass transition falling after irradiation, confirming the destruction of

interatomic bonds.
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INTRODUCTION

The sensitivity of polymers to irradiation of differ-
ent intensities is well known, since it shortens the ser-
vice life of polymer products [1—3]. Light degradation
destroys the interatomic bonds of a polymer under the
action of rays of the corresponding spectrum, which
can result in deterioration of the polymer’s mechani-
cal properties and strength, and an increase in brittle-
ness [1-3].

The light degradation of a polymer material under
the action of ultraviolet irradiation is apparent from
the disappearance of color, tarnishing of the surface,
cracking, and sometimes the complete destruction of
the product itself. UV-sensitive polymers include such
thermoplastics as polypropylene, polyethylene, poly-
methyl methacrylate (organic glass), and special fibers
like aramid fiber, products from which are widely used
in everyday life. UV absorption results in destruction
of the polymer chain and loss of strength at a number
of points in the structure.

The light aging of polymers under the effects of UV
irradiation is due to their containing contaminants
that serve as receptors, resulting in degradation of the
polymer material. Only small amounts of pollutants
are needed to initiate degradation, e.g., a one billionth
fraction of sodium in the composition of polycarbon-
ate destables its color. In oxygen, free radicals form

oxygen hydroperoxide, which breaks the double bonds
in the molecular chain and makes the material brittle.

Experiments to recreate the conditions of exposure
to UV radiation (high humidity and temperature) are
needed to determine the need to alter the chemical
composition of polymers and polymer compositions
in order to improve their stability. Adding special
adsorbers allows us to activate the protective layer, due
to the absorbing ability of the substance. The stability
and strength of interatomic bonds can also be
improved by introducing stabilizers.

Characteristics of the light flux with which a sam-
ple is irradiated are indicated in ways of studying the
resistance of polymers to ultraviolet radiation. These
characteristics must be close to those of the solar light
flux, under whose influence the considered products
could come during their use. It is important to con-
sider, e.g., the intensity and duration of the process;
the indicators of humidity; the relevant operating con-
ditions; and the cyclicity or continuity of exposure.

It is therefore of interest to study the effect of ultra-
violet irradiation, the intensity of which ranges from
~3—130 eV per photon [1—4], on the physical and
mechanical (including elastic) characteristics of
acrylic polymer materials widely used in everyday life.

Based on an analysis of the temperature depen-
dence of oscillatory relaxation, obtained via dynamic
mechanical relaxation spectroscopy, we studied the
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inelastic properties of an acrylic polymer localized on
metal substrates of different chemical natures and how
it changes upon UV exposure. The inelasticity of poly-
mers and their temperatures of the glass transition (7,)
were compared to the surface activities of metal sub-
strates before and after UV exposure.

EXPERIMENTAL

We studied film-forming latex acrylate polymer
with temperature 7, = 5°C of the glass transition. The
concentration of latex measured graviometrically was
30%. Metal foils ~0.1 mm thick were used as the metal
surfaces:

» L63 brass (GOST 2208-2007), an alloy of copper
and zinc (34.22—37.55% Zn and 62—65% Cu) and
other impurities, the amount of which does not exceed
~0.5%;

* ADI aluminum (GOST 4784-74), an alloy of
aluminum with base metal and other impurities of up
to 0.1% chromium, 0.4—1.0% manganese, 0.7% iron,
3.5—4.8% copper, 0.2—0.8% silicon, 0.3% zinc, and
0.15% titanium;

* M1 copper (GOST 5638-75), an alloy of copper
with base metal and other impurities of up to 0.002%
iron, 0.002% nickel, 0.004% sulfur, 0.002% arsenic,
0.005% lead, 0.004% zinc, 0.05% oxygen, 0.001% bis-
muth, 0.02% tin, and 0.002 antimony.

The surface of the foil was prepared by washing and
stirring in ethanol for 8 h at room temperature, fol-
lowed by drying to a constant weight.

Electron micrographs of the surfaces of the metal
substrates were obtained using a Quanta650 scanning
electron microscope. A latex polymer was applied to
each substrate, followed by drying to a constant
weight. The layer of the polymer on each substrate was
0.01 mm thick.

The spectra of internal friction and temperature—
frequency dependences were recorded in the —100 to
+100°C range of temperatures using dynamic relax-
ation [5—9]. This allowed a sweep of the freely damped
oscillations occurring in the composite upon pulsed
excitation on a horizontal torsion pendulum, the unit
for which was described in [5].

The size of the samples used to measure internal
friction spectra and temperature—frequency depen-
dences was 6 x 0.5 cm?; the area of metal—polymer
contact was 3 cm?.

Dissipative losses A = f(7T') in the spectra caused
by metal substrates were evaluated order to determine
the independent response of the polymer to an exter-
nal action.

The polymer was subjected to UV irradiation using
a PRK-4 high-pressure mercury—quartz lamp operat-
ing at a wavelength of 254 nm and a power of 220 W.
The intensity of incident lamp radiation per 1 cm? at a
distance of 10 cm was measured using an Ophir laser
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meter (3A-RoHS, Israel) and found to be
48.15 mW/cm?. Since the area of the investigated
polymer samples was 3 cm? and the duration of irradi-
ation was 30 h, the dose of UV radiation incident on
the sample was 144.45 mW.

RESULTS AND DISCUSSION

Our determination of the effect ultraviolet expo-
sure had on the physical and mechanical properties of
the highly elastic polyacrylic polymer was based on an
analysis of changes in its elastic properties. It is known
that elastic polymers of the acrylic series are character-
ized by the ability to develop large reversible (highly
elastic) deformations under the action of external
mechanical forces. This corresponds to the relaxation
nature of their response to mechanical action, i.e., the
dependence of strains and stresses on the duration
(frequency) of exposure. This dependence is due to the
lag of strain from stress and can manifest in an
extremely wide interval of time [10].

The relaxation behavior of polyacrylates can be
considered by means of dynamic mechanical relax-
ation spectroscopy (DMRS), which is based on ana-
lyzing the response of individual kinetic elements of
polymer systems to an external action that brings them
or the system out of mechanical and thermodynamic
equilibrium [5—9]. This allows us to monitor the
dependence of the mechanical properties of the poly-
mer on different external factors (including UV expo-
sure). It is associated with the existence in polyacry-
lates of different forms of the supramolecular struc-
ture. Its periods of rearrangement are so long they can
exist stably in states with different morphologies under
the same conditions. Under the effects of an anisotro-
pic mechanical action, they acquire an anisotropy of
mechanical properties and even retain it after termina-
tion of the action.

In light of the high elasticity of the studied latex
polyacrylate, which is characterized by a temperature
of film formation much lower than room temperature,
we can speak of its highly elastic response to mechan-
ical stress. Since elastic and highly elastic deforma-
tions have characteristic values of modules that differ
greatly from one another, their states are divided
according to the value of the modulus measured in the
dynamic mode or the regime of stress relaxation. The
glassy state corresponds to 10°—10* MN/m? values of
the modulus (10*—10° kgf/cm?); the highly elastic
state, to ~ 107" MN/m? (10 kgf/cm?). In the latter,
highly elastic deformation can develop at any stress.
The transition to the glassy state can be induced by
changing the time factor of an action on the material
(e.g., the frequency of deformation) which is consid-
ered in the DMRS technique used in this work.

Our composite can be presented as a set of subsys-
tems that differ in their response to mechanical action,
and thus in their physical and mechanical characteris-
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Fig. 1. Surfaces of metal foils obtained via scanning microscopy at a scaling of 10 um: (a) brass, (b) aluminum, (c) copper.

tics. A metal foil acts as a form-generating carrier sub-
system whose elastic characteristics create a constant
background throughout the considered range of tem-
peratures and are much less intense than in a polymer
[11, 12]. On the one hand, preparing our samples of a
highly elastic polymer in the form of thin films on the
surfaces of metal substrates allowed us to avoid their
sticking during relaxation tests, due to their fixed posi-
tion on the carrier subsystem. On the other hand, we
were able to obtain a notable effect of UV exposure
using thin films.

Figure 1 shows micrographs of the surfaces of our
metal foils (shaping subsystems), obtained using a
scanning microscope. We can seen the texture of their
surfaces is characterized by features of the industrial
rolled metal that take the form of directed rectilinear
grooves.

Before discussing the relaxation behavior of an
elastomer localized on substrates, we must describe
the theoretical approach to assessing its physical and
mechanical properties. In [13], discrete relaxation
times D(T) in latex polymers were calculated using the
phenomenological model of a standard linear body
and continuous spectra of relaxation times H(T) using
the Kohlrausch function in the —150 to +250°C range
of temperatures. The relaxation inhomogeneity of the
polymer’s structure during its reaction to an external
dynamic periodic action was analyzed using this
mathematical function or relaxation kernel for each
local dissipative process of a relaxation nature.

The correctness of the choice of the phenomeno-
logical model of a standard linear body for comparing
the continuous spectra of relaxation times was con-
firmed by experimental data on the modulus defect
[5—9] that corresponded to the dissipative losses in the
spectra of their temperature dependence and charac-
terized the inelastic properties of the polymer mate-
rial. A modulus defect takes the form of an abrupt drop
in the elastic modulus upon an increase in the tem-
perature of the studied latex polymer system.
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A peak of o-relaxation losses is observed in the
temperature region of the spectrum of internal friction
with free damped oscillations, while a sharp drop in
the frequency of free oscillations v; (from v, ., tO V; i)
is observed on the corresponding temperature-fre-
quency dependence.

For a relaxation process described with model rep-
resentations of a standard linear body, modulus defect
AG is presented as

AG = (GTI - GTz)/GTb (1)

where G, and G, are the shear modulus at tempera-
tures 7, and T,, respectively. Inequality G, < Gy, is
observed, since 7, > T;.

It is known [14] that two types of mechanical stress
waves can propagate in a polymer considered a solid
condensed system: longitudinal C, and transverse C,,
where C, > C,. Both types of waves are associated with
the shear modulus. Their connection with frequency v
of oscillations is the same, allowing us to consider the
frequency dependence of modulus defect AG using the
example of a transverse shear wave:

C,=G/p= G =pC;, )
where G is the shear modulus, and p is the density of
the considered system.

The dependence for linear waves is
v=C,/l, (3)

where / is wavelength and internal friction can be pre-
sented as A = vO =y /f=2nv/® (where O is the period
of oscillation, v is the linear velocity, and ® is the
angular velocity).

In light of (1)—(3), we obtain
vl =G/p = G =pV’I’. (4)
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Fig. 2. Temperature—frequency dependences of the poly-
mer localized on (a) copper, (b) brass, and (¢) aluminum
(1) before and (2) after UV irradiation.

Since slight changes in p and A can be ignored in the
temperature range of o-relaxation, it follows from
Eq. (4) that

AG = (G — Gp,)/Gpy = Plz(Vrl - Vrz)/912VT1
=(Vr1 = V72)/Vr-

(%)

The modulus defect, which characterizes relax-
ation in the polymer and its elastic properties, can
therefore be described by changing the frequency of
oscillations, which is controlled experimentally in the
DMRS technique.
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Considering the relationship between the modulus
of elasticity of the material and the frequency of oscil-
lations of the damped process of returning the system
to its equilibrium state [5—9], we used the correlation
dependence modulus of elasticity—frequency of oscil-
lations for a theoretical analysis of the width of the
continuous spectrum of relaxation times. The theoret-
ical defect of the modulus of internal friction was cal-
culated as the difference between frequencies at the
points where the tangents to the linear sections of the
experimentally established temperature dependences
of the frequencies of oscillation intersect.

In this work, the modulus defect, which character-
izes the inelasticity of a polymer material, was deter-
mined by analyzing the temperature—frequency
dependence in the —100 to +100°C range of tempera-
tures in the mode of free damped torsional vibrations
at frequency v on a horizontal torsional pendulum [5].

Figures 2a—2c show the effect ultraviolet irradia-
tion has on the temperature—frequency dependences
in a polymer on different metal substrates (copper,
aluminum, and brass) in the region of the temperature
of the glass transition. Figure 2 shows the dissipation
of internal friction in the polymer has a relaxation
mechanism, as is apparent from the drop in shear
modulus G in the region of the temperature of the glass
transition [5-9, 13].

To eliminate the contribution from the substrates,
Fig. 3 shows the temperature-frequency dependences
observed for the shaping subsystems. Comparing their
location to the one in Fig. 2, we see the substrate did
not affect the nature of the temperature—frequency
dependence in the composite with the participation of
a highly elastic polymer throughout the —100 to
+50°C range of temperatures. It is much weaker than
the processes occurring in the polymer. The back-
ground they create is reflected only in the location of
the dependences in the frequency ordinate.

Indirect confirmation of there being no contribu-
tion from the shaping subsystem to the temperature—
frequency dependence of the composite is literature
data testifying to the elastic properties of the substrates
(particularly copper) and the latex polymer, which
contains polymethyl methacrylate and is close in elas-
ticity to natural rubber (Table 1). These data show that
metal foils have a much higher elastic modulus than
polymers. At the same time, we should note the con-
cepts of elasticity and high elasticity are not equiva-
lent, since elasticity develops in the material instantly,
and highly elastic deformation develops over time.

The drop in the shear modulus in the region of the
temperature of the glass transition observed in Fig. 2 in
the irradiated and non-irradiated polymers indicates
violation of the crosslinking of the relaxation structure
and a change in modulus defect AG, which is deter-
mined from the segment cut off by the tangents to the
curve of the temperature dependence of the frequency
of oscillations, allowing for the Eqgs. (1)—(5). The spe-
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Fig. 3. Temperature—frequency dependences of emerging subsystems on (/) brass, (2) aluminum, (3) copper.

cific value of module defect AG associated with one
degree of temperature is proportional to the ratio
(v, —Vvy)/(T, — T)) = Av/AT, where v, and v, are the
frequencies of oscillations corresponding to the begin-
ning and end of the decline of the dependence curves
at temperatures 7, and 7, [13].

A clearer idea of the location of the temperature—
frequency dependences in the non-irradiated and UV-
irradiated polymer relative to each other is given in
Fig. 4, where a temperature interval of 40 K was used
to estimate the specific value of the modulus defect
graphically. Figure 4 shows the location of the tem-
perature—frequency dependences of the irradiated
polymer localized on all three metal substrates differs
from that of the non-irradiated polymer. In both
cases, a drop is observed in the dependence curves in
the region of the temperature of the glass transition,
which characterizes the growth of the inelastic proper-
ties of the polymer when it is localized on substrates in
the series copper—brass—aluminum. This correlates
with the surface energy of the metal, and thus with the
possibility of it interacting with the polymer [11, 12].

Table 2 shows the specific values of the modulus
defect calculated using Eq. (5), which allows us to
characterize the physico-mechanical properties of the
polymer localized on metal substrates before and after
UV irradiation. The calculated values of the module
defect presented in Table 2 confirm the data of Fig. 4.
There is an increase in AG of non-irradiated and irra-
diated polymers when they are localized on metal sub-
strates in the series copper—brass—aluminum, along
with an increase in AG of the polymer after UV irradi-
ation, which corresponds to an increase in the inelastic

properties of the polymer. In light of [11, 12], this
could indicate the chemical nature of the metal to
some extent affects the inelastic properties of the poly-
mer (more than irradiation, due apparently to a drop
in its elasticity).

Table 2 also presents the temperatures of the glass
transitions of polymers localized on different sub-
strates, estimated from the temperature corresponding
to the middle of the temperature segment of the drop
in the temperature—frequency dependence (Fig. 4).
These data confirm the destructive effect of ultraviolet
radiation (breaking bonds between polymer atoms
under the influence of UV rays), which can be seen in
the deterioration of the mechanical properties and
strength of the polymer product, and the increase in its
brittleness. Table 2 shows a drop in the temperatures of
the glass transitions of both non-irradiated and irradi-
ated polymers in the series copper—brass—aluminum,
along with the strong drop for the copper substrate,
which is characterized by higher surface activity
toward the polymer.

It is well known that the mechanical properties of
polyacrylate coatings depend on the strength of the
film and its ability to withstand the action of destruc-
tive loads. Their mechanical properties depend on
how the film is formed, its molecular parameters, and
the properties of other components included the
material. The conditions of curing also have an effect.

The hardness of the film characterizes its ability to
resist local deformations, along with resistance to
destruction under mechanical stress. The hardness of
the latex film is not constant; it falls over time, due to
the volatilization of water residues and aging.

Table 1. Mechanical properties of some metals and polymers [4]

Polymer 6, MN/m? e, % E, MN/m? State
Polysterene 30-70 1.5 3000 Vitreous
Polymethyl methacrylate 70 4 2800 Vitreous
Natural rubber 34 650 7 Highly elastic
Iron — — 20000—22000 Crystalline
Copper — — 10400 Crystalline
o is mechanical stress, € is relative strain, and £ is the modulus of elasticity.
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Fig. 4. Graphic evaluation of the values of the modulus defect in the polymer (a) before and (b) after UV irradiation on metal

substrates of (/) copper, (2) brass, and (3) aluminum.

The adverse UV effect on the studied polyacrylate
is apparent in the form of cracks, increased brittleness,
and delamination from the substrate. This indicates its
elasticity is not strong enough to overcome degrada-
tion and delamination from the substrate at the
applied dose of UV, even when it is stretched slowly.

With the highly elastic properties of a polymer like
the studied polyacrylate, it would have to follow a
change in the shape of the substrate. Considering the
crosslinking of the acrylic polymer as its cures, we may
assume the detectable cracking of the films occurs due
to aging under the effects of UV irradiation (as a result
of the destruction of macrochains).

The drop in the polymer’s temperature of the glass
transition and the increased inelastic properties of the
irradiated polymer can be explained by the disruption
of intermolecular bonds, accompanied by an increase
in the mobility of macromolecules of lower molecular

Table 2. Temperature of the glass transition and the modu-
lus defect of the polymer localized on metal substrates
before and after UV irradiation

Without radiation UV irradiation
Substrate
AG T, °C AG T, °C
Copper 0.0023 20.1 0.0025 16.9
Brass 0.0025 21.2 0.0060 16.9
Aluminum 0.0028 24.2 0.0065 20.9

Calculations of the specific value AG of the module defect in a
40 K range of temperatures.
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weight. The observed increase in the rigidity of the
irradiated polymer can be attributed to the formation
of crosslinks in individual fragments of the polymer
material.

CONCLUSIONS

Our results testify to the notable effect UV irradia-
tion has on the physico-mechanical properties of a
polymer. It manifests in a change in elasticity, depend-
ing on the nature of the metal surface on which it is
localized. The reduced surface activity of the metal
substrate near the polymer in the series copper—
brass—aluminum corresponds to an increase in the
module defect and a drop in its temperature of the
glass transition in the polymer—metal composite.

The drop in the polymer’s temperature of the glass
transition upon UV exposure confirms the possibility
of breaking intermolecular bonds reducing its molec-
ular weight. The increase in the defect value of the
polymer modulus after irradiation characterizes the
increase in its inelasticity.

An increase in the rigidity of the irradiated polymer
can be seen from its brittleness and cracking. Along
with the destruction of intermolecular bonds of mac-
romolecules, crosslinks can form in individual frag-
ments of the polymeric material.

The increase in the rigidity of the polymer under
the effects of UV irradiation must be considered when
creating a primer coating on different metal substrates,
since this can increase its cracking under natural con-
ditions. It is believed that undesirable effects from
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exposure to UV radiation rarely penetrate deeper than
0.5 mm into a polymer structure. However, degrada-
tion of the material on the surface under a load can
destroy the product as a whole.
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