AST Advances in Science and Technology
A\XRJ Research Journal

Advances in Science and Technology Research Journal 2023, 17(5), 195-207
https://doi.org/10.12913/22998624/171492
ISSN 2299-8624, License CC-BY 4.0

Received: 2023.07.22
Accepted: 2023.08.23
Published: 2023.10.20

The Influence of Conditioning on Dynamic Behaviour of Polymer
Composites

Marek Borowiec™, Robert Szczepaniak?, José Machado?

! Department of Applied Mechanics, Lublin University of Technology, ul. Nadbystrzycka 36, 20-618 Lublin, Poland
2 Faculty of Aviation, Polish Air Force University, ul. Dywizjonu 303 no. 35, 08-521 Deblin, Poland

3 MEtRICs Research Center, University of Minho, Campus of Azurém, 4800-058 Guimaraes, Portugal

* Corresponding author’s e-mail: m.borowiec@pollub.pl

ABSTRACT

The aim of this study is to determine the effect of environmental factors in the form of UV radiation and
temperature on the amplitude-frequency behaviour of polymer composites (prepregs) based on a frame-
work of thermosetting epoxy resin reinforced with high-strength R-glass fibres. Two series of composites
with different fibre arrangements were prepared. The series had fibres arranged at angles of 30°, 45°,
and 60°, at symmetric and asymmetric orientations in relation to the central layer. The composites were
subjected to conditioning which simulated a six-month period of use in the spring and summer in the
temperate warm transitional climate of Central and Eastern Europe. An UV QUV/SPRAY/RP accelerated
aging chamber manufactured by Q-Lab Corporation was used for this purpose, and UV-A 340 lamps were
used to simulate daylight. In addition, varying loads caused by sudden temperature changes were simu-
lated using the Thermal Shock Chamber T/60/V2 Weisstechnik. Conditioned samples were tested using
a TIRAvib 50101 electromagnetic exciter in combination with an LMS Scadias III controller and Test.
Lab software. The results of the tests, in the form of amplitude-frequency diagrams in resonance regions,
indicated that certain changes occurred as a result of the conditioning, which is a new development in the
area of material tests. The results shed light on the effects of environmental conditions on the stiffness
characteristics of composites, causing dynamic nonlinearities when operating at resonant frequencies.
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INTRODUCTION

Depending on their field of application, man-
ufactured construction materials should undergo
teststodeterminetheinfluenceoftheircomposition
or manufacturing technology on the reliability of
the final components [1]. However, in addition to
design assumptions and specific material prop-
erties [2, 3], the environment in which the com-
ponents operate must also be taken into account,
as it may cause physical or chemical changes in
the components, deformation of their structure
or even a gradual change in their parameters as

they age [4], including beyond permissible lim-
its [5]. The ageing processes themselves are an
inherent aspect of the existence of technical ob-
jects, and knowledge of the basics of their age-
ing and wear processes [6-8] facilitates study
pro-cesses in support of diagnostic measures.
This renders possible the conscious tracking
of changes in the condition of an object, which
can be used to predict its damage [9, 10]. When
considering components used in outdoor appli-
cations [11], outdoor conditions related to local
climate should be accounted for when determin-
ing their reliability. This makes it possible to
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adopt an informed approach to potential degra-
dation processes in the objects. Figure 1 shows
the types of degradation processes present in
polymer-based materials.

Influence of environmental conditions on
the properties of polymer composites

Environmental factors which may facilitate
the degradation of composite materials include
UV radiation and temperature. Polymer compos-
ites are used in many applications where they are
exposed to UV radiation (e.g. in sporting goods,
aircraft or vehicle parts [11, 12]). The Authors of
paper [13] provided the evaluation of the blast
response of composite plates after prolonged ex-
posure to ultraviolet radiation. There are analysed
carbon fiber/epoxy and glass fiber/vinyl compos-
ite materials. UV radiation in the 290-400 nm
wavelength range (see Figure 2) is considered to
be one of the most destructive factors that nega-
tively affect the reliability of composites.

Failure to provide protection by using ad-
equate modifiers results in the inevitable destruc-
tion of the structure of materials and loss of the
designed functional qualities [15]. Although
the energy of UV radiation reaching the Earth’s
surface depends greatly on the latitude, season,
altitude and atmospheric pollution (for example
by dust, smoke, clouds and SO,), the energy
absorbed by the polymer is sufficiently high to
break the chemical bond. Although sometimes
the excitation of chromophore groups may end

in harmless energy dissipation (in the form of
heat or fluorescence), some of the undissipated
energy contributes to the start of the degradation
processes. When considering UV radiation, it is
important to note that the ratio of the number of
degradable particles to the number of excited par-
ticles is referred to as the degradation efficiency
factor. The value of this factor for most polymers
is 10.3 to 10.5. This means that between one in
one thousand and one in one hundred thousand
photon-absorbing molecules will degrade. How-
ever, as the value of radiant flux is about 1021
photons/cm? per year, this still carries the risk of
causing extensive damage to polymers. The pro-
gressive degradation of the composite results in
yellowing, loss of mechanical properties, makes
the composite brittle, causes its surface to lose
its gloss, become rough, and crack extensively.
This increases the susceptibility of such material
to other degrading factors, such as environmental
or biological factors. It should be noted that con-
tinuous exposure of the polymer to UV radiation
further contributes to the deterioration of polymer
chains [16]. There is extensive research available
on the effect of UV radiation on selected mechan-
ical properties of composites. For example, paper
[12] analyses the effect of UV radiation on the
mechanical properties of glass-polyester compos-
ites. Samples were exposed to radiation at three
different time intervals (3, 6 and 12 months) in an
aging chamber. Samples were subjected to tensile
testing, which indicated a decrease of up to 15%
in mean failure strain value, a decrease of up to
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Figure 1. Factors affecting the degradation of polymeric materials (based on: [12])
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Figure 2. Ultraviolet spectrum (based on: [14])

30% in ultimate strength and an 18% decrease in
tensile modulus after 100 hours of UV exposure.
The authors of article [17] repeatedly stress that
exposure of polymeric materials to ultraviolet
radiation (UV) and high temperature causes de-
terioration of mechanical properties, leading to ir-
reversible damage preventing further use of such
materials. This is because these agents can cause
short-term physical changes or long-term chemi-
cal changes in polymeric materials. Prolonged
exposure to UV radiation will lead to discoloura-
tion and loss of mechanical properties of the poly-
mers. The risk of the occurrence of irreversible
changes leading to damage to components made
from composites is so high that some research-
ers have attempted to model such processes. One
example of such work is the paper published by
Luetal. [18], where UV damage was numerically
simulated as a function of UV intensity, surface
topography and exposure time. Predictions of lo-
cal material degradation rates on sinusoidal epoxy
surfaces exposed to UV radiation were applied to
experimentally determined degradation rates for
a unidirectional glass/epoxy composite. The au-
thors of the paper were able to demonstrate that
damage caused by UV radiation to uneven poly-
mer surfaces reduces their roughness and smooth
them out. Furthermore, they were able to find that
the rate of degradation is highest at the peaks of
local surface elevations. Research on determining
the effect of UV radiation on polymer composites
was also carried out by Komorek et al. [19]. Com-
posites were made from Epidian 52 epoxy resin
with Z1 hardener and reinforced with glass fabric
and carbon fabric. The study concluded that UV
radiation has a negative effect on the appearance
of the composite and the flexural strength of the
materials. The reduction in strength of specimens
subjected to impact loading and the effect of UV
radiation is just over 50%. As already mentioned,
in addition to UV radiation, temperature is among

the factors resulting in the destruction of polymer
structure [20, 21]. This has not escaped the atten-
tion of researchers seeking to determine the re-
lationship arising between exposure to a change
in conditioning temperature and progression in
degradation [22-26]. Deter-mining the impact of
conditioning of polymer composites on dynamic
properties is important for analysing the proper-
ties of new materials, especially for specialised
applications such as aerospace components [27].
The authors of this paper therefore set out to de-
termine the changes in dynamic properties of
polymer composites following their exposure to
UV radiation and changes in temperature values.
The influence of environ-mental conditioning
is especially important in the composite tubular
parts which are frequently used to manufacture
complex parts applied in aeronautical, automo-
tive or industrial [28, 29].

Experimental investigation

In the main tests carried out on the composites
sample based on the equipment for conditioning,
there were two independent investigations of con-
ditioning provided. The first was climatic shocks,
where the samples were exposed to a wide range
of temperature changes and the second was ex-
posure to UV radiation. The temperature shocks
operated in the range -50°C to +50°C which was
ensured in the thermal shock chamber T/60/V2
Weisstechnik (Weiss Umwetltechnik GmbH,
Heuchelheim, Germany) in Figure 3a. The cham-
ber consist of two zones, hot and cold. In order
to stabilize the temperature in the entire volume
of the samples, they were exposed to both the
hot and cold chambers for 30 minutes and then
shift between hot and cold chambers are chang-
ing smoothly within time of 6 seconds. The sepa-
rate samples were aging by UV radiation, and it
took place in the QUV/SPRAY/RP accelerated
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chamber shown in Figure 3b. UV-A 340 lamps
simulating daylight were used as the light source
as the light source in the aging chamber. The tem-
perature during lighting was 60°C, and the radia-
tion intensity was 0.83 W/m?. Experiments simu-
lated the time period of a half year exposures for
both the climatic and UV environmental sources.
Conditioning effects were divided into three steps
of two-month periods. Simultaneously, the influ-
ence of temperature range and UV radiation were
tested on the beam samples during the dynamic
tests by means of a TIRAvib electrodynamics
exciter as shown in the Figure 4. The cantilever
beams were excited at a constant gravity force
equal to 1g in an excitation frequency range from
10 Hz up to 320 Hz. This frequency range assured

observation of three based transversal resonance
modes which were crucial in dynamic behaviour
analysis. The measurements were performed by
applied two piezoelectric accelerometers where
the gravity force acting on the sensors are con-
verted into electrical voltage due to the piezoelec-
tric effect. First sensor as a reference one controls
an assumed excitation force, but the second one
records the output signal, corresponding to the
beam behaviour.

The samples used in the experiment are
the polymer composites (prepregs) based on a
matrix of thermosetting epoxy resin reinforced
with high-strength R-glass fibres. Glass Fi-
bre Reinforced Plastics (GFRP) are one of the
most common types of reinforcement used in

Figure 3. (a) Stand of the thermal shock chamber Weisstechnik used in laboratory;
temperature range, hot chamber: +50°C to +220°C, cold chamber: -80°C to +70°C
(b) stand of the accelerated atmospheric aging chamber QUV/SPRAY/RP
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Figure 4. Schematic of the experimental stand of the electro dynamical shaker TIRAvib with
positions of mounted accelerometers (a), the mode shapes excited during the dynamical tests (b)
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polymer composites because of their mechani-
cal properties and are applying in structures
which require high stiffness and resistance to
high temperatures. For the experiment the sam-
ples are prepared in laboratory with the nominal
volume content of glass fibres in the composite
(after hardened) 60% and the nominal thick-
ness of the composite layer after harden process
at 0.25 mm. The beams were manufactured by
autoclave technique with applied 11 layers in
assumed stacking sequence. The six geometri-
cal sets of composite beams are manufactured.
This staking sequence sets are fixed in angular
positions of 30°, 45°and 60° in both symmetric
and asymmetric configurations in relation to the
middle layer which is at 0° position as shown
in schematic (Figure 5a). The composites were
produced as larger panels from which the sam-
ples were cut out in mechanical processing by
milling for assumed dimensions. In the lami-
nate production process, a peel-ply fabric was
used to obtain the appropriate surface roughness
of the laminate. In accordance with the defined
sample size, conditioning tests were carried out
on 10 samples for each series in dimensions as
detailed in Table 1. Note in case of asymmetric
beams the pre-twisting effect appeared, which
introduced a twist angle (see Figure 5b). How-
ever the pre-twisting influence is negligible on
the amplitude-frequency response. It is because
of the sensor position mounted at the twist angle
correction, it secure the output amplitude in the
vertical axis.

RESULTS

Temperature conditioning

The first results regard the cantilever beams
exposed to the temperature shocks. Figure 6 pres-
ents the overall responses in the frequency ranges,
including three resonance zones of the analysed
cases of stacking sequence layer sets of the beam
before conditioning.

The excitation frequencies in the first base
resonance zone turned out to be insensitive to
thermal shocks for each configuration of the com-
posite layers, but the second and the third zones
displayed some changes in the dynamic behav-
iours of the materials. Moreover, differences in
the output amplitude are clearly noticeable be-
tween symmetric and anti-symmetric set configu-
rations around the second resonance zone. In each
case, there is a visible dominant pick in the sec-
ond resonance area of the beams with symmetric

Table 1. Stacking sequences and dimensions of the
composite beams

Dimensions of the
composite beams

The length L = 300 mm
The width b =20 mm
The thickness t = 2.75 mm

Stacking sequences

+30°(5)/0/-30°(5)
+45°(5)/0/-45°(5)
+60°(5)/0/-60°(5)
+30°(5)/0/+30°(5)
+45°(5)/0/+45°(5)
+60°(5)/0/+60°(5)

(a)

(b)

Figure 5. The stacking sequence set of composite beams (a) and the visible pre-
twisting effect on the beam at asymmetric set of fibre layers (b)
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Figure 6. Amplitude — frequency response at the free end of the cantilever beam
before exposition to temperature shocks of asymmetric (-/+) and symmetric (+/+)
layer configurations for corresponding fiber sets 30°, 45° and 60°

fibre configuration properties. The anti-symmetric
beams behave more softly in the second resonance
zone, appearing as smaller double picks. This is
connected with the composite structure: the anti-
symmetric stacking sequence of fibres introduces
an effect of pre-twisting moment which displays
such responses. The initially analysed influence
of conditioning and comparisons of the first reso-
nance zone range resulted in no important changes
as shown in Figure 7, but at the higher excitation
frequency, the differences are clearly visible.
Figure 8 presents the results of the second reso-
nance zone. Figures 8a and 8c correspond to the

asymmetric beams, and 8b and 8d to the symmet-
ric beams. Output amplitudes of new structures
are plotted without the influence of conditioning
effects ‘0 m” as well as with conditioned samples
‘2m’, ‘4 m’ and ‘6 m’, which correspond to the
time-period in months. The experimental inves-
tigations demonstrated the significant effect of
conditioning on the composite structure, which
causes weakening of beam stiffness in general.
This is observed both in the second and in the
third resonance. It is revealed by the amplitudes
which are raised for all stacking sequence of fi-
bres sets as well as the resonance shifts to the
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Figure 7. Amplitude — frequency response in with fibre set configuration 30°, exposed to temperature
shocks in the vicinity of the first resonance zone of asymmetric (a) and symmetric (b) beams
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Figure 8. Amplitude — frequency responses of the cantilever beam with fibre set configuration 30°, exposed
to temperature shocks in the vicinity of the second (a, b) and the third (c, d) resonance zones, respectively

lower frequency (Figure 8b) while the exposure to
conditioning is extended. One can notice the first
effect of shock temperature, which corresponds to
two months conditioning influence on the com-
posite, significantly weakens the structure, which
is presented by characteristics in the Figures 8a
and 8c yellow curves. The longer effect of tem-
peratures reinforced the structure and the reso-
nance picks back to points closer to the original
pick resonance (blue and green plots). Analysing
the results of composite beams of fibres set at 60°
the structure achieved the opposite features.
Analysing the results of composite structure
beams with a fibre set configuration at 60° (Fig-
ures 9a and 9c), the behaviour is similar to that
observed in structure sets at 30°. However, in the
case of symmetric sets (Figures 9b and 9d) the
dynamics of the beams achieved opposite fea-
tures. Conditioning of the composite structures
influenced by hardening their stiffness, the am-
plitude consequently decreasing while simulta-
neously shifting the resonance pick to the higher
frequencies. Reporting the investigation of the

temperature shocks affect, the behaviour of the
composite material significantly depends on the
structures applied in context of the layer configu-
rations. By means of a sequence of fibre stack-
ing, it is possible to obtain the (amplitude — fre-
quency) characteristics of the applied composites,
which are required for industrial applications for
use in specific environmental conditions.

UV conditioning

The second set of results regard the cantile-
ver beams exposed to the UV radiation. Figure 10
presents the output amplitudes in the frequency
ranges for three sets of fibre configurations before
the conditioning by UV radiation. The results in-
clude the range of frequency excitation for three
transverse resonance zones; the rotational modes
for the chosen frequencies were not observed.
Comparing these plots to the output amplitudes
of the beams conditioned by the temperature
shocks, similar behaviour is visible. The first res-
onance fits in both the symmetric and asymmetric

201



Advances in Science and Technology Research Journal 2023, 17(5), 195-207

Acceleration (g)

Acceleration (g)

50

40t

10

25

20

0
220

30

20

e [+60T Om

“-1+60T 2m
-/+60T 4m | |
-/+60T 6m

80 90 100 110 120 130

Excitation frequency (Hz)
(a)
=——-/+60T Om
———— +60T 2m
-/+60T 4m | |
-/+60T 6m

230 240 250 260 270

Excitation frequency (Hz)
(9

Acceleration (g)

50 T T T
+/+60T Om
~+/+60T 2m
L +/+60T 4m | |
40 +/+60T 6m
C)
5 30
e
o
9
B2t
3]
<
10+
0 L ; I
75 80 85 90 95
Excitation frequency (Hz)
(b)
25 -
m—— +/+60T Om
- +/+60T 2m

++60T 4m| |
++60T 6m

0
220

230 240 250 260 270

Excitation frequency (Hz)
(d)

Figure 9. The amplitude — frequency responses of the cantilever beam with fibre set configuration 60°, exposed
to temperature shocks in the vicinity of the second (a, b) and the third (c, d) resonance zones, respectively

202

@ T T T T T T

S 40 -1+30UV | -
2 ++30UV

© ]

o 20 - & i
[ 4 ) ! x:

8 0 Lﬁ—A‘A 1

< 0 50 100 150 200 250 300

@ T T T T T T
§40r : -1+45UV | -
2 : < +/+45UV

s : >

[ S B

8 A S\ A |

<% 50 100 150 200 250 300

@ T . T T T T T
§40r ; - -1+60UV | -
= . +/+60UV

5 20 ::

0 201 § y i b
E % H h

8 0 L A Lo 1

< 0 50 100 150 200 250 300

Excitation frequency (Hz)

Figure 10. Amplitude — frequency response at the free end of the cantilever beam before UV radiation of
asymmetric (-/+) and symmetric (+/4) layer configurations for corresponding fiber sets 30°, 45° and 60°



Advances in Science and Technology Research Journal 2023, 17(5), 195-207

configurations, but the second and the third reveal
discrepancies. The symmetric set (+/+) results in a
single pick around the frequency at 100Hz, but the
asymmetric (-/+) set branched off into two smaller
resonance picks. This indicates some geometrical
nonlinearities of the asymmetric structures.

For discussion in detail, two sets of fibre
configuration only have been chosen: 30° and
60°, because the middle case, 45°, reported dy-
namic behaviours closer to the case of 60°. The
crucial excitation frequency in the vicinity of
100Hz revealed the significant influence of the
UV radiation on the composite structure. Figure
11a shows that the output amplitudes gradually
increased at extended exposure to UV radiation.
A new structure is characterised by relatively
high stiffness, the output acceleration does not
exceed 15 g in the vicinity of 95 Hz, but when
exposed to UV the material loses stiffness by an
amplitude of 35 g at 6 months of conditioning.
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The same behaviour is observed at the frequency
130-140Hz. The symmetric beams appear to be
resistant to the UV conditioning process (Figure
11b). A significant weakening of stiffness ap-
peared at 6 months’ time only, when the ampli-
tude increased, while the earlier time effect does
not change the output amplitude compared to the
“unused -new” material (0 m).

In the third resonance zone presented in Fig-
ures 11c and 11d, the dynamics of the structure
indicate its asymmetric configuration, that first
stage of the UV radiation conditioning definitely
increased the beam stiffness which shifted the
resonance point approximately 10Hz down. Ap-
plying the next stages of UV conditioning, the
composite structure was reinforced, then the be-
haviour repeated the characteristics as new struc-
ture holds. In case of symmetric beams, the rein-
forced affect also appears but at the last stage of
conditioning, which corresponds the 6 months’
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Figure 11. The amplitude — frequency responses of the cantilever beam with fibre set configuration 30°,
exposed to UV radiation in the vicinity of the second (a, b) and the third (c, d) resonance zones, respectively
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time conditioning. The shorter exposure times
of two and four months continuously increased
the beam stiffness, as is indicated in Figure 11d.
The experimental investigation of symmetric
and asymmetric beam structures revealed the
fibre configurations relates to how the structure
undergoes the time stage of the conditioning ex-
posure. Analysing the set of 60° fibre configura-
tions, the UV radiation conditioning definitely
weakens the beams’ structure, especially in the
case of asymmetric configurations (-/+), as pre-
sented in Figures 12a and 12¢ (green lines). The
final time of conditioning, which corresponds to
6 months, indicated resonance amplitudes shifted
to the lower ex-citation frequency; the symmetric
fibre configuration is resistant to the condition-
ing effects. The amplitude — frequency responses
hold the resonance zone at each time period of
UV radiation exposure (Figures 12b and 12d).
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This suggests that the symmetric structures are
more stable than asymmetric ones against envi-
ronmental conditions.

Finally, the experimental results of maximal
output amplitudes of asymmetric and symmet-
ric cantilever beams were juxtaposed in Figures
13 to expose their relations. Figure 13a shows
the asymmetric samples of both conditioning
approaches, temperature shocks (T) and UV ra-
diation (UV), respectively. For these sets, the
structures exposed to the temperature shocks as
well as UV radiation conditioning displayed rela-
tively convergent behaviour. For each of the fibre
configuration sets, 30°, 45° and 60°, the struc-
tures reached the stiffer characteristics during
the first exposure time. The maximal amplitudes
decreased during the first period of conditioning
(2m), then increased during the second period
(4m) and finally decreased again at 6m, reaching
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Figure 12. Amplitude — frequency responses of the cantilever beam with fibre set configuration 60°, exposed
to UV radiation in the vicinity of the second (a, b) and the third (c, d) resonance zones, respectively
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Figure 13. Maximal amplitude expressed by gravity acceleration (g) attained of all compared composite structure
via time expressed by months periods of conditioning for asymmetric (a) and symmetric cantilever beams (b)

a higher stiffness of the structure in comparison
to the new samples. This is observed for both
types of conditioning to which the beams were
exposed. It reports the dynamical behaviour of
the analysed composite has no unequivocal trends
while degradation is progressing. It reveals the
complexity of the structure which has symptoms
of dynamical nonlinearities.

In Figure 13b, the symmetric samples are
presented. Note that in case of composites at 30°
fibre sets, after the first period of conditioning
which corresponded to two months, the maximal
amplitudes decreased in both cases of condition-
ing, but at two more months of exposure the
beams under UV effects reached higher ampli-
tudes than those exposed to temperature shocks.
This means the analysed composite structure is
more susceptible to UV radiation conditioning
than to temperature shocks. The other analysed
fibre configuration sets, 45° and 60°, behaved in
convergent ways. For the 45° set, one can ob-
serve similar behaviour in both conditioning ap-
proaches. The amplitude slightly increased up to
the 4th month, and finally decreased to the initial
level, which indicates that the structure is first
weakened and then stiffened. In the case of the
60° set, convergence effects are also observed
for both kinds of conditioning, but the ampli-
tudes fall from the beginning of the condition-
ing tests. This means the structure is consistently
stiffened. In general the first period of condition-
ing, causes initially reinforced of the structure
while for the longer exposition on UV radiation
or temperature shocks, the structure becomes
weakening again and finally after the third pe-
riod of the conditioning, the structure manifests

cracking features which is caused by applied the
thermosetting epoxy resin in manufacturing the
composite structures.

CONCLUSIONS

The results obtained from the experiment re-
vealed the complex behaviour of the analysed
composite structures. The two types of stacking se-
quences were exposed to environmental conditions,
asymmetric and symmetric sets of three selected fi-
bre configurations, respectively. The applied exper-
iment of the conditioning by means of temperature
shocks and the effects of UV radiation introduced
structural changes in the materials. Identification
of the dynamic changes in the behaviour of these
structures is a new achievement reported in this pa-
per. The tests performed in this experiment provide
the manufacturers of composite shells with impor-
tant details concerning the structures. The condi-
tioning reported in the time intervals, especially
indicated the stiffness of the materials was signifi-
cantly changed. This was manifested by the shift
of the resonance points from the original values
related to new materials, unexposed to condition-
ing, and the output amplitudes were altered. The
features of composites materials indicated are cru-
cial and valuable in manufacturing the shell bodies
used in constructions such as aircraft, where such
conditioning occurs. The next step is to apply the
investigation to the composite structures with fi-
bre configurations that are much more varied from
each other and select the optimal variant to achieve
a structure impervious to such environmental con-
ditions, which makes the structure more safe.
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