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ABSTRACT. Polymers are known to be sensitive to aging; their lifetime can be

predicted through experimental tests.

This paper displays an experimental study on the long-term performance of
polymethyl methacrylate (PMMA) exposed to solar (UV) radiations and
artificial (UV) lamp radiations, drinking water and sea water. The performance
of this polymer was analyzed in terms of strain variation; strain at break in
tension, and Young's modulus. The results obtained showed that the amount
of absorbed water is independent of the nature of the solvent, and only the
absorption kinetics may be regulated by the species contained in the medium.
This seems to indicate that plastification of polymers is a reversible
phenomenon. In addition, it was found that the tensile strength and elastic
modulus drop with increasing immersion time. Compared with seawater, the
absorption of drinking tap water, after 36 months, leads to a non-linear
behavior of the polymethyl methacrylate. Exposition of PMMA to artificial
(UV) lamp radiations and solar (UV) radiations, for the same duration of
exposure, resulted in greater performance degradation when the polymer was
exposed to artificial (UV) lamp radiations. In addition, the results obtained
after a 19 month exposure period that the artificial (UV) lamp radiations
changes the behavior of this material from viscoelastic to viscoplastic.
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INTRODUCTION

olymers offer remarkable technological solutions in many fields; they belong to a class of materials that are
increasingly used in industries ranging from consumer goods to aerospace products, including healthcare items.
Polymer matrix nano-composites are widely employed materials as many researchers predict that they are entitled
to a bright future and can be a solution to the more and more severe commissioning conditions. Nowadays, these
materials can seriously compete with traditional ones, like mineral materials, because of their low density; also, their
thermomechanical properties are becoming more and more elaborate (functional polymers). Furthermore, these materials
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have become attractive because they are recyclable, especially thermoplastics, and present excellent corrosion resistance.
Because of the attractive mechanical properties of polymethyl methacrylate (PMMA) and its ability to be easily shaped,
many research studies have focused on this polymer to improve its service strength. Indeed, PMMA can be used in
nanotechnology, particularly in electronics, medicine, civil engineering, mechanical engineering, telecommunications (fiber
optics), marine engineering, acronautics, acrospace, consumer goods industries, etc. [1-7]. Nevertheless, it has been shown
that the exposure of this polymer to heat, sun radiation, humidity and some solvents may lead to the degradation of its
mechanical properties. Several research studies have been conducted on the aging behavior of polymethyl methacrylate
when exposed to these media. Indeed, while Bokoi et al. [8] studied the cracking behavior of hydrated and stressed
PMMA, they found out that the water absorption process can help to determine the mode of crack propagation. Dry
PMMA has excellent scratch resistance; it is often deposited on substrates as a coating to improve this resistance. For this
purpose, Moghbelli et al. [9] showed that water affects this resistance. In addition, in this same study, depending on the
polarity and time of exposure, they showed that the presence of water acts as a harmless lubricator on the surface of the
polymer, which can prevent the formation of scratches. After a period of 22 days of PMMA in water heated to 60 °C,
Shen et al. [10] concluded that for al% absorption content, this solvent leads to the plasticization of the polymer. For
higher amounts of water, the polymer loses its transparency and significant changes occur during the deformations.

The aging resistance of PMMA can also be affected by other environmental media, including light, gamma radiation and
heat. In this context, Miller et al. [11] investigated the effects of ultraviolet (UV) light, temperature, and moisture on aging
PMMA materials using an aging test bench supplied with xenon lamps; they also compared the outdoor exposure test
results for the purpose of predicting the service life of these materials. For their part, Fu et al. [12], by analyzing the effect
of temperature on the physical aging of high molecular weight PMMA, showed that the aging process results in a decrease
in the coefficient of permeability and an increase in selectivity. They also suggested that a modified three-parameter fit
model can help predict the long-term physical aging behavior. These findings are in good agreement with the experiment
results. On the other hand, Cheng et al. [13] investigated the effect of thermal aging on the scratch resistance of PMMA
subjected to a normal progressive load; they reached the conclusion that a longer aging time can lead to a decrease in the
critical load for triggering superficial cracks, which means that crack resistance of PMMA drops with longer aging time.
Thominette and Verdu [14] studied the case of PMMA subjected to tensile stress and gamma radiation; they could show
that cither one of the two mechanisms could lead to a splitting of the primary macro-radical; this mechanism could be
activated by the constraint. Similarly, Wenhua Yin et al. [7] investigated the aging behavior of PMMA in a liquid
scintillator, at different temperatures and subjected to static tensile forces; they found out that an increase in the aging
temperature engenders a rapid drop in the tensile strength of the PMMA. In another study, Karollyne Gomes de Castro
Monsores et al. [15] reported that the ultraviolet (UV) radiation can modify the rigidity of PMMA, and causes a drop in its
elongation at break and its tensile strength.

On the other hand, Mambaye N'Diaye et al. [16] showed that PMMA used as orthopedic cement in contact with the body
fluids can swell after 24 hours if placed in distilled water. Similarly, in order to improve the photovoltaic performance of
PMMA, Myles P. et al. [17] exposed two types of polymethyl methacrylate to high intensity ultraviolet (UV) radiation and
also to a concentrated xenon arc. These authors indicated that, compared to the xenon atc, exposure of this material to
UV radiations leads to an increase in PMMA photo-degradation that is three to six times higher. In addition, E. Youssif et
al. [18] reported that when the polymer is exposed to UV radiation, photo-degradation is the main cause of deterioration
of aging resistance. For their part, A. Ghasemi-kahrizsangi et al. [19] indicated that, depending on the nature of the
polymer, exposure to UV radiation can lead to degradation of the surface of the material due mainly to the removal of the
surface layers and also to the formation of pitting and microcracks. Similarly, F. Namouchia et al. [20] studied the effect of
thermal aging on the electrical properties of polymethyl methacrylate (PMMA) and found out that such aging promotes
the phenomenon of oxidation of the polymer and can therefore cause an increase in the number of free radicals. This can
lead to the polarization of the PMMA and may give it a less insulating character. As for O.D. Gonzales et al. [21], they
deduced that the optical stress coefficient of PMMA subjected to tensile stresses varies according to the water content.
On the other hand, Y. Minhyuk et al. [22] examined the effect of physical aging on the thermomechanical properties of
PS-PMMA through the measurement of silicon microcantilever deflections; they found out that these polymers interact
during the glass transition. Similarly, T. Saraca et al. [23] investigated the effect of simultaneous aging, due to heat
treatment and gamma irradiation, on the mechanical and physico-chemical properties of the industrial ethylene-propylene-
diene monomer (EPDM). They suggested that the mechanical properties of this monomer, and in particular the ultimate
tensile stress and elongation at break, are highly dependent on the radiation dose rate, the aging temperature and dose rate.
Furthermore, Alenka Vesel Opens et al. [24] investigated the effect of oxygen plasma treatment on the aging of
polymethyl methacrylate (PMMA). In this case, the samples were aged in dry air and water at ambient temperature. A
study of the effect of this type of treatment on the quality of the PMMA / elastomer junction was conducted by Suzhu Yu
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et al. [25] who highlighted the beneficial effect of this treatment not only on the mechanical strength of the PMMA-
clastomer interface but also on the degradation of its properties due to aging. For their part, Jing Zhao et al. [20] tried to
elucidate, by the suspension polymerization process, how can microcapsules for thermal energy storage compensate for
damage caused by ultraviolet (UV) light. These same authors demonstrated the beneficial impact of these microcapsules
on the PMMA lifetime. Indeed, they found out that these microcapsules have a high thermal storage capacity, good
reliability and thermal stability, and provide good protection against UV radiations. As for Merdas et al. [27], they
investigated the effect of the polymer polarity on the absorption of water. They succeeded in showing that the absorption
of water increases with the polarity of the polymer; this absorption is more significant for interpenetrating polymer
networks than for individual network components, and does not generally depend on the large-scale network structure.
With regard to Angel Serrano-Aroca et al. [28], they carried out a dynamic mechanical analysis and investigated the
sorption of water vapor in highly porous poly(methyl methacrylate) (PMMA). They were able to show that sorption
increases with the crosslinking agent of the cross-linker as a result of the higher number of polar COO groups; however,
it decreases with increasing porosity due to the formation of water clusters, which prevents water molecules from
occupying all the specific surface of the highly porous polymer. On the other hand, it has been revealed that freshwater
sorption increases considerably in very porous PMMA. Research team of David Miller et al. [29] reported that seawater
has an impact on the behavior and performance of the vinylester epoxy composite and leads to decreased tensile strength,
compression and fatigue. Moreover, Ryota Imaizumi et al. [30] investigated the resistance of poly (N-methylmaleimide-alt-
isobutene) and poly (disopropyl fumarate), as transparent polymer films, to UV and gamma radiations; they successfully
demonstrated that UV irradiation leads to the cleavage of the PMI and PDiPF side chain via the Norrish I-type reaction
and also due to the cross-linking resulting from the combination of radicals of the polymers formed, which leads to
degradation of their optical and mechanical properties. Indeed, it has been found that radiation induces significant
changes in the mass of molecules and in the mechanical properties of polymers as well. Similarly, S.I. Senatova et al. [31]
examined the effect of UV radiation on the structure and properties of PP nanocomposites. These same researchers
argued that the most prevailing mechanism involved in the protection of PP composites is the absorption of UV
radiations by zinc oxide (ZnO) nanoparticles. Reducing the UV radiation intensity prevents the breakage of molecular
chains within po/propylene (PP) and its oxidation. These nanoparticles may be recommended to protect polymers against
UV radiation. In another study, T. Lu et al. [32, 33, 34] and G. Wypych [35] showed through an experimental study that
long-term exposure of polymers to high UV radiation levels leads to faster degradation of their aging resistance. In
addition, their immersion in water produces the same effects. Xavier Monnier [36] studied Molecular dynamics in complex
polymer systems: from anisotropy to confinement effects. It is shown that high cooling rates available by FSC allow to
accelerate physical aging kinetics. It is shown that preferential orientation induced during electrospinning leads to the
formation of mesophase, wich increase cooperativity, namely the intermolecular interactions. Yamina Hanafi [37] showed
through her study the degradation of polyethersulfone / polyvinylpyrrolidone membranes by sodium hypochlorite that
the PES-chain scission mechanism appeared to play the major role in the worsening of the membrane filtration
performance. Under the ageing conditions of this study it seems that neither the PES hydroxylation nor the PVP
degradation play a significant role in the worsening of the membrane rejection properties. Finally, the membrane structure
was found to be substantially altered by the action of sodium hypochlorite, especially for membranes containing PVP.
NADIM AHMED HASEG [38] have studied the molecular mobility of poly(methyl methacrylate) (PMMA) during a
physical ageing, at various temperatures. This study was carried out by means of two techniques, namely i) mechanical
spectroscopy (MS) with scanning in temperature for 4 nearly simultancous frequencies 0.33Hz and 20Hz, and ii)
differential scanning calorimetry (DSC). Concerning the experimental aspect, this study has allowed to find the two well
known relaxation processes o and b and to highlight an additional signal induced by preliminary aging procedure. This
peak due to structural relaxation strongly depends on the preliminary condition of annealing (temperature and time aging)
and appears to be nearly non frequency dependent, as assesses by mechanical spectroscopy. Géraldine Rapp [39] studied a
thermal aging of polyethylene used as cable insulation, shows that: The oxidation kinetics obey the Arrhenius law for
thermal ageing between 80°C and 110°C. The vatiations of mechanical properties can be linked to the evolution of the
microstructure of each polymer and of their macromolecular architecture during thermo-oxidative ageing.

The polymer (PMMA) is a material that is predominantly used in industrial devices operating in cumulative immersion
environments such as seawater, drinking water (tap water) and is generally exposed to ultraviolet (UV) and solar
radiations.

The main purpose of this study is to highlight by experimental analysis the effect of these environmental media on the
long-term performance of the polymer (PMMA), in terms of the tensile strength variations, strain at rupture variation and
Young's modulus vatiation.
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EXPERIMENTAL ANALYSIS

he mechanical properties of the polymethyl methacrylate (PMMA), of chemical formula (CsO2Hs) n, are given in

Tab. 1. This is an amorphous transparent thermoplastic hard and rigid but fragile and notch-sensitive material. It

is mainly used in an industrial device, namely the photobioreactor, which consists of two transparent PMMA
plates, assembled in a PVC frame (Fig. 1). This device, containing seawater, is exposed simultaneously to natural lighting
(solar (UV) radiations) and artificial lighting (artificial (UV) lamp radiations). The designer and user of this device are both
especially interested in its long-term behavior, under the operating conditions mentioned above. Then, the service life of
this device, which consists of these two plates, immersed in water for 36 months and exposed to solar (UV) and artificial
(UV) lamp radiations also for a length of 36 months, was examined in the long term. In order to be in the conditions of
use of this device, PMMA tensile specimens were prepared (Fig. 2) by molding, then at room temperature (20°C)
immersed separately in seawater and drinking water (tap water). They were then exposed to the solar (UV) radiations and
artificial (UV) lamp radiations. These specimens were tested in uniaxial tension with a transverse displacement speed of
0.5 mm / min.

Solar Radiation PMMA Plate

Sea Water

UV Lamp

a) Production device b) Prototype

Figure 1: Photobioreactor made with PMMA.

Modulus of elasticity (MPa) 3200 -4000
Poisson’s ratio 0.35-0.40
Stress at rupture (break)(MPa) 70 - 80
Strain at rupture (break) (%) 2.4

Table 1: Mechanical properties of PMMA as given by the supplier.

e=3.02mm

I=4.5mm -+ < | Lo=50mm

|

Figure 2: Tensile specimen made with PMMA: ISO 527-2.

69



K. Afaf et alii, Frattura ed Integrita Strutturale, 53 (2020) 66-80; DOI: 10.3221/IGF-ESIS.53.06 Q

Tests were carried out on a recent software-driven Zwick machine with 25 KN resistance, equipped with a camera and a
chamber that are required for the good conduct of the tests, at different temperatures (Fig. 3). This machine is perfectly
suited for polymer materials. For the reproducibility of the results, these tests were performed on a batch of six (6)
samples non-aged and under various aging conditions. Again, the tensile test was performed on a batch of six samples,
and the average value was selected, as shown in Fig. 4. After immersion in water brought to room temperature (20°C), the
samples were dried with compressed air.

Figure 3: Tensile testing machine.

RESULTS AND DISCUSSION

precision scale (up to 10 g) and were then tested for uniaxial tension, as shown in Fig. 4 which cleatly exhibits the
linear and brittle behavior of PMMA. The average values of the modulus of elasticity (3750 MPa), tensile strength
(69 MPa) and strain at break (2.31%) determined from this figure are comparable to those obtained by other authors [22].

T o better understand the effects of aging, unaged (dry) PMMA samples (six samples) were weighed with a very high
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Figure 4: Variation of stress as a function of strain for unaged dry polymethyl methacrylate (PMM.A)
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IMMERSION IN WATER

water) and in seawater, for a period ranging from one to thirty-six months; they were than dried with compressed

air and weighed and then tested in uniaxial tension. The absorption of water by PMMA during aging was
determined in terms of the mass gain rate, AM/M as a functon of the squate root of the immersion time “t!/2” (fig. 5). It
has been shown that the penetration of water to the PMMA obeys to the Fick’s low and in this case the depth of water
flow is proportional to “t!/2”. Fig. 5 shows explicitly during the first months, immersion in drinking water (tap water) leads
to the absorption of an amount of water (Fig. 5a) larger than that in seawater (Fig. 5b). Thus, after a cumulative aging of
eight months, the amount of absorbed water was found approximately twice as high (1.25%) in drinking water as in
seawater (0.70%).
After a 19-month immersion period in drinking water (tap water) and in seawater, separately, the maximum percentages of
absorbed water were 1.58% and 1.51%, respectively. These proportions correspond to the saturation levels in water
molecules absorbed by the polymer. The amount of water absorbed by the PMMA seems to be insensitive to the
immersion time, as can be seen in Fig. 5 (a, b). A close examination of this figure clearly shows that the diffusion kinetics
of seawater in PMMA is much slower than that of drinking water (tap water) in the same polymer. Indeed, the speed of
water molecules is higher during the first moments of immersion, and then begins to slow down to reach its lowest level
after 19 months of aging (Fig. 5a). In seawater, as compared to drinking water (tap water), during the first five months of
immersion, the speed of water molecules is relatively slow; it then begins to increase and stabilizes after a cumulative aging
of 36 months (Fig. 5b). This behavior explicitly shows that the activity of water strongly depends on its nature (tap water
or seawater). Therefore, it may be concluded that the diffusion kinetics of water molecules in the PMMA is controlled by
the species contained in water.
Longer immersion petiod, beyond 19 months, generates almost no weight gain (Fig. 6). This seems to show that, under
the current aging conditions, only water molecules are concerned with diffusion in PMMA. The displacement of a water
molecule in the intersites of this polymer is strongly slowed down by the elements contained in this solvent. This can be
explained by the fact that water diffuses into the polymer and enters into the unoccupied intermolecular sites, which leads
to the absorption of a large quantity of water. This behavior, which is observed during the first five-month immersion
period, can be explained by the nature of the species contained in water. In addition to the fact that most elements in
water consist essentially of hydrogen (H*) and hydroxide (OH") ions, seawater also contains a high proportion (> 50%) of
sodium ions (Na *) and (> 30%) of chlorine ions (CI). These two ions appear to have a decisive effect on the weight gain
of PMMA. Indeed, these elements tend to slow down the activity of water within the PMMA, which leads to a drop in the
flow rate of water molecules inside this polymer. In fact, these molecules penetrate into the macromolecular networks,
and this leads to the weakening, or even the breaking, of the secondary bonds between the chains that are responsible for
the polymer cohesion. By destroying the secondary bonds of the polymer, water decreases the mechanical cohesion and
increases the molecular mobility. It should be noted, however, that the diffusion of water within the PMMA follows the
Fickian diffusion pattern below the glass transition temperature, because in this case water plays the role of a plasticizer.
This would increase the chain mobility and allow a higher penetration of water, with a maximal percentage of about 2% of
weight increase Grinsted et al. [40]; Nottrott [41]; Mambaye N'Diaye et al. [16]. In this study, the maximum level of
drinking water absorbed by PMMA was found corresponding to 1.95% weight increase; this is comparable to that
obtained by the above mentioned authors. These findings suggest that PMMA can absorb up to 2% of water. After 24
hours of immersion in distilled water, it was found that PMMA can swell by absorbing a small amount of water Mambaye
N'Diaye et al. [16]. In another analysis, in 2013, Wayne Nishio Ayrea et al. [42] showed that the amount of absorbed water
was around 2% of weight increase after immersion of the PMMA in water for 30 days. The behavior of the polymer
observed by these authors is consistent with the results obtained in this study. Indeed, the absorption kinetics of water
molecules turns faster as the solvent gets poorer in dissolved species. The proportions of 2% and 1.95%, found in this
study, correspond to the maximum saturation levels in water molecules (Fig. 6). In domain 1, plasticization is closely
related to the nature of water, while in domain 2, it is independent.
Specimens were first placed in drinking water (tap water) and seawater (Fig. 5) for a certain period of time. Afterwards,
they were weighed and tested in uniaxial tension a physical experiment which makes it possible to determine the behavior
and to measure the degree of resistance to rupture of a material. The results thus obtained are represented in Figs. 7 and 8.
For the legibility of the behavior illustrated in these two figures, the value of the stress at rupture indicated represents the
average value of six samples for condition of aging. These figures clearly show that the tensile stress at break and the
modulus of elasticity of the PMMA were affected by the amount of absorbed drinking water (tap water) and the quantity
of absorbed seawater, respectively (Fig. 6). This behavior is identical to that mentioned by C. Ishiyama et al. [43]. Note

T ensile specimens were immersed separately, at room temperature and atmospheric pressure, in drinking water (tap
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that the longer the immersion period (36 months), the more significant the degradation is. Indeed, one may observe a
premature tensile failure in the PMMA due to the weakening of the intermolecular bonds, which engenders a drop in the
cohesion energy of Lennard Jones. Moreover, it is important to note that, regardless of the nature of water, Young's
modulus drops sharply during the first months of immersion, and then starts decreasing slowly during the last moments
of aging (Figs. 7 and 8).
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Figure 5: Effect of immersion time on weight gain (a): Drinking water (tap water), (b) Seawater.
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Figure 6: The effects of the nature of solvent and the duration of immersion on the quantity of water absorbed by the PMMA -
Domain 1: The PMMA mechanical properties are sensitive to the nature of water; Domain 2: The PMMA mechanical properties are
insensitive to the nature of water.

This behavior is essentially attributed to the amount of water absorbed by the PMMA. Indeed, because of their small size,
the water molecules preferentially diffuse in the intermolecular sites, thus causing a plasticization of the polymer. The
plasticization phenomenon causes a relaxation of the polymer chains and an increase in the intermolecular spaces [42]. It
is useful to remember that the flow of water in this polymer obeys the Fickian diffusion [42]. Therefore, the penetration
depth of the diffusing element is proportional to the square root of time. It is useful to note that the determination of the
correlation between the PMMA mechanical properties and Fickian scattering is one of the objectives of this work. This
justifies the vatiation of Young's modulus and the weight gain as a function of the square root of time that is used in this
study.

On the other hand, the degradation of PMMA resistance to aging, as a result of the variation in the mechanical
characteristics like the tensile strength, strain at break and modulus of elasticity, can be explained by the fact that the water
molecules could be attracted by the hydrophilic groups by destroying the hydrogen bonds or van der Waals bonds in the
macromolecular network, which can lead to an increase in the distance between the PMMA chains, in addition to a
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significant plasticization in comparison with that generated by the flow of seawater into the PMMA (Fig. 7). It is worth
noting that this plasticization is responsible for the non-linearity of stress and strain observed during the first five-month
period of immersion of the polymer in drinking water (Fig. 8). The increase in the strain at break, in comparison with that
obtained in dry PMMA during this first aging petiod, is characteristic of this non-linear behavior. Consequently, this
immersion time leads to a transformation of the initially viscoelastic behavior (dry PMMA) into viscoplastic
(hydrated PMMA). It is noted that, beyond that period, the longer the immersion duration, the less important the
deformations are (Fig. 9). The mechanical behavior observed in this case tends to become linear and brittle again. After 36
months of aging, the PMMA exhibits a perfectly linear behavior.

80 | - Notaged
—a— | month 4000 4
70 —a— 2 months
sl 7 3 months 3500 4
—o— 4 months —
50 || —4 5> months B a0 4
—»— 15 months =
— 40 4 7 2 v
rf —— |7 months 2 2500 4
= —— 19 months _g
= 09| _a 32 months o
o N ” = 2000 |
og ] 8= 36 months| =i
4 , U
@ 1500 4
10 =
[84]
04 1000 4
-10 T T T T T T T T T T T ! 500 T T T T T T T T T T T T
0,0 05 1,0 15 20 25 0 1 2 3 4 5 6

\1/2

Time (Months)

@) (b)

Figure 7: Effect of immersion time in seawater on the mechanical properties of PMMA for (a) The stress at break, (b) The modulus of
elasticity.

For the same duration, and under the same aging conditions, the strain at break observed in samples aged in drinking
water (tap water) is much larger than that noted in samples placed in seawater (Fig. 9), which seems to explain the decline
in the viscoelastic behavior of PMMA. This behavior is consistent with that observed by Schen et al. [10] and Hamouda et
al. [44]. The quantity of drinking water (1.30%) absorbed by the PMMA during the first five months of aging is larger than
that observed, during the same period, in the case of PMMA immersed in seawater (0.27%). The close examination of
these results shows that aging in drinking water (tap water) leads to greater plasticization. Therefore, one may conclude
that this process is responsible for the transformation of the initially linear viscoelastic behavior into the nonlinear and
more ductile viscoplastic of the polymer, as shown in Fig. 9a. In the case of aging in seawater, during the same period, the
fragile behavior of PMMA is preserved. Compared with aging in sea water, the low values of tensile strength observed are
characteristic of this PMMA behavior (Fig. 9a). In fact, a five-month time period of aging in drinking water (tap water)
and in sea water respectively generates a degradation in tensile strength of PMMA from 69 MPa to 27 MPa and from 69
MPa to 44MPa (fig. 9a).

During the last five months of aging, the amount of water absorbed is independent of the nature of solvent; it
corresponds to the average percentages of 1.58% in drinking water and 1.55% in sea water, respectively, as shown in Fig.
6. This clearly indicates that during the last seventeen (17) months of immersion, the plastification is very insensitive to
the nature of water used. The degradation rate of the tensile strength of PMMA is approximately 69% in seawater and
71% in drinking water (tap watet). Moreover, its Young's modulus does not depend on the nature of the aging water; it
was found equal to about 77% and 78% in seawater and drinking water (tap water), respectively (Figs. 9b and 10). These
results are closely related to the amount of water absorbed by the PMMA. Compared to other studies [10, 44], it can be
stated that the change in the PMMA behavior (fragile-ductile-fragile) with the nature of aging water and the amount of
absorbed water, observed in this study, constitute the originality of this work.

Compared to immersion in seawater, when PMMA is in fresh water (tap water), its modulus of elasticity degrades more
rapidly (Fig. 10) during the first five months. The effect of the aging medium disappears after a 19-month period, which
represents the saturation phase of this polymer in water. This can certainly be attributed to the amount of water absorbed
during the aging period.
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The results obtained in this study clearly suggest that during the first fifteen (15) months of immersion, the degradation
kinetics of the mechanical properties (tensile strength and modulus of elasticity) largely depend on the nature of water
used; whereas during the last months, it is practically independent.
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Figure 8: Effect of immersion time in drinking water (tap water) on the mechanical properties of PMMA: (a) Stress at break, (b)
Modulus of elasticity.
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Figure 9: Comparative analysis of the effect of the nature of aging medium on the mechanical behavior of PMMA: (a) First five
months of immersion, (b) Last five months of immersion.
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This study shows that the amount of water absorbed by the PMMA is independent of the nature of the solvent used; this
means that it is also independent of the species contained in this solvent. Only the water absorption kinetics (diffusion) is
strongly influenced by these species. This is one of the originalities of this work. To the best of our knowledge, no study
has highlighted such a phenomenon. This behavior could mean that no mechanism of irreversible degradation (breaking
of chemical bonds, hydrolysis, etc.) has occurred in the PMMA during the absorption phase, either in drinking water (tap
water) or in seawater. The plasticizing effect appears to be the main mechanism responsible for the degradation of
resistance to aging, which is attributed to the deterioration of the mechanical properties of PMMA after immersion in
water. The reversibility of water absorption mechanism (hydration) can only be highlighted through a close examination
of moisture desorption (dehydration) in PMMA. This study is in progress.

EXPOSURE TO SOLAR (UV) AND ARTIFICIAL (UV) LAMP RADIATIONS

commissioning conditions of the industrial photobioreactor system shown in Fig. 1. To do this, each side of the

PMMA specimens was exposed to solar (UV) and artificial (UV) lamp radiations for a period ranging from one
(01) to thirty-six (36) months. They were then tested in uniaxial tension, as shown in Figs. 11 and 12. These figures cleatly
indicate that a continuous exposure of 36 months to artificial (UV) lamp radiations leads to a drop in tensile strength at
break, and a decrease in both the strain at break and the elastic modulus of the polymer.
It should be noted, however, that, compared with solar (UV) radiations, exposure of the polymer to artificial (UV) lamp
radiations engenders a significant degradation of its stress at break (Figs. 11a, 12a) and its Young's modulus as well (Figs.
11b, 12b). The deterioration of the polymer mechanical properties is essentially assigned to the absorption of photons.
These are potentially aggressive electromagnetic radiations that possess energies corresponding to those of certain
chemical bonds. The absorption of photons can cause breaks in molecular chains, thus releasing free radicals and reducing
the molecular weight of polymers. This should inevitably lead to degradation of the tensile strength at break, and
deterioration of the strain at break, after a cumulative aging of 12 months, with a lower Young's modulus [31, 45-48].
The results obtained in this study show that the artificial (UV) lamp radiations has a more significant effect on the
degradation of the polymer mechanical properties. Note that after a cumulative aging of thirty-six months, the solar (UV)
radiation does not seem to affect the linear viscoelastic behavior of the polymethyl methacrylate (Fig. 11).
This behavior remains unchanged with regard to the exposure duration. This behavior is observed after an artificial (UV)
lamp irradiation time of 3 to 12 months. A too long artificial (UV) lamp irradiation (36 months) leads not only to a
considerable drop in tensile strength and Young's modulus, but also to a greater strain at break than that observed in non-
irradiated PMMA (Fig. 12a). In fact, it was noted that the tensile strength dropped by about half (Fig. 12a) but the strain at
break increased. This cleatly indicates that a 36-month cumulative aging seems to lead to a change in the mechanical
behavior of PMMA from viscoelastic to viscoplastic. The observed nonlinear behavior is indicative of this transformation.
Understanding this change in behavior, which is a topical result, is requited for the purpose of comprehending the
degradation mechanisms involved in the aging resistance of PMMA irradiated with UV light. This is one of the objectives
of this work.
Fig. 13 summarizes the comparative analysis results of the effects of exposure of polymethyl methacrylate to solar (UV)
radiations and artificial lamp radiations on its modulus of elasticity (Fig. 13a) and tensile strength (Fig. 13b).
It is cleatly illustrated in Fig. 13a that regardless of the duration of aging, in comparison with exposure to solar (UV)
radiations, the artificial (UV) lamp radiations causes a significant degradation of the PMMA elastic modulus which drops
sharply during the first six (06) months of irradiation, then starts decreasing slowly during the following six months (06);
the degradation of this physical parameter is considerably slowed down during the last twenty-four (24) months of aging.
It should be noted that the same behavior was observed in the case of PMMA exposed to solar (UV) radiations.
The behavior of the polymer illustrated in Fig. 13b may be better interpreted by referring to Fig. 14 which shows
separately the effect of this exposure during the first nine months (Fig. 14a) and during the last twenty-seven months (Fig.
14b) of the exposure period. These figures suggest that the artificial (UV) lamp radiation leads to a slightly higher
degradation of tensile strength and to lower strain at break. The initial linear viscoelastic behavior of PMMA remained
unchanged during the first twelve months of aging of the polymer exposed to artificial (UV) lamp and solar (UV)
radiations (Fig. 14a). After thirty-six months of artificial (UV) lamp radiation, a non-linear behavior was observed (Fig.
14b) with a higher strain at break. It should be noted that this non-linearity in behavior was not observed in the case of
PMMA exposed to solar (UV) radiation, for the same period of exposure of 36 months. In addition, a 36-month
cumulative aging after exposure of each side of the specimen to artificial (UV) lamp radiation, separately, resulted in a

I j xposure of the polymer to solar (UV) and artificial (UV) lamp radiations was performed in accordance with the
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57% degradation of tensile strength, 10% increase in the strain at break, and 62% drop in Young's modulus. For the same
duration, exposure of PMMA to solar (UV) radiation leads to a 50% drop in the stress at break and a 30% reduction in
the strain at break, with a 47% drop in Young's modulus.
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Figure 11: Effect of the duration of exposute to solar (UV) radiations on the mechanical properties of PMMA: (a) Stress at break, (b)

Modulus of elasticity.
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Figure 12: Effect of the duration of exposure to artificial (UV) lamp radiations on the mechanical properties of PMMA: (a) Stress at
break, (b) Modulus of elasticity.
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Figure 13: Comparing the effects of exposure time of PMMA to solar (UV) radiations and artificial (UV) lamp radiations on its
mechanical properties: (a) Modulus of elasticity; (b) Stress at break.
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Figure 14: Comparative analysis of the effects of solar (UV) and artificial (UV) lamp radiations on the mechanical properties of
PMMA: (a) Exposure duration: first 9 months; (b) Exposure duration: last 27 months.

CONCLUSION

he analysis of the experimental results obtained in this study, jointly with those reported in the literature, makes it

possible to draw the following conclusions:

Aging in water: The amount of water (weight gain) absorbed by the PMMA is closely related to the immersion
time in both types of water (tap water and seawater). After a cumulative aging of thirty-six months, the average contents
reached for seawater and tap water were 1.51% and 1.58%, respectively. The maximum values of these quantities
correspond to the values of 1.87% and 1.95%, which are in faitly good agreement with those reported in the literature
(2%). After twenty months of PMMA hydration, the amount of water absorbed hardly changed with the increase in aging
time;

In the first five months of aging, the kinetics of water diffusion in PMMA is closely linked to the nature of the immersion
medium. It is greatly slowed down by the species contained in the water;

After a nineteen months immersion time, and regardless of the nature of water, hydration reached a saturation point,
beyond which the absorbed water content no longer evolves;

During the first months of immersion (less than 19 months), the diffusion kinetics of water molecules in PMMA was
found to depend on the species contained in the solvent used. Their presence considerably slows down the flow rate of
water molecules inside the polymer. This rate turned out to be greater in drinking water (tap water) but slower in seawater.
In the latter case, the diffusion was delayed and the water molecules took a longer time to reach the maximum amount of
water absorbed by the PMMA, after which the polymer reaches a state of saturation in water molecules, after a cumulative
aging of 19 months. Beyond this period, the amount of absorbed water becomes independent of the type of solvent used.
Only the diffusion kinetics of water molecules within the PMMA depends on the nature of the solvent.

On the other hand, the absorption of water leads to a degradation of aging resistance in terms of reduction of stiffness,
tensile strength, and elongation at break of the polymethyl methacrylate (PMALA). During the first five months of
immersion in drinking water (tap water), the PMMA changes from the initial linear viscoelastic behavior to the non-linear
viscoplastic behavior. Beyond this period, the polymer exhibits a reversible behavior. The PMMA becomes viscoelastic
again with a lower tensile strength. Moreover, after nineteen months of immersion, the nature of water has practically no
influence on the aging resistance of PMMA. In this case, for the same aging time in drinking water (tap water) and in
seawater, the attenuated values of tensile strength and elastic modulus are comparable. This could mean that during the
absorption phase, whether in drinking water (tap water) or seawater, no mechanism of irreversible degradation occurs in
PMMA. After hydration, plastification seems to be the main mechanism responsible for the drop in resistance to aging. In
addition, the reversibility of water absorption can only be proven by a moisture desorption analysis of the PMMA.

UV aging: Exposure to solar (UV) and artificial (UV) lamp radiations leads to degradation of stiffness, tensile strength
and strain at break of the polymer. An increase in irradiation time causes a drop in the aging resistance of the PMMA.
Compared with exposure to solar (UV) radiation, and for the same duration of aging, artificial (UV) lamp radiation causes
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a greater degradation of mechanical characteristics. The breaking of the macromolecular chain is responsible for the
deterioration of PMMA properties;

For longer ultraviolet radiation exposure times (beyond thirty-six months), the linear mechanical behavior of the non-
irradiated PMMA changes to a non-linear behavior, with greater deformations as compared to the non-irradiated
polymer;

The modulus of Young of the PMMA drops sharply during the first six months of exposure to artificial (UV) lamp
radiation then starts decreasing slowly during the following six months. It is important to precise that the degradation of
this physical parameter is significantly slowed down during the last twenty-four months of aging. A similar behavior is
observed during exposure to solar (UV) radiation but with lower values, regardless of the aging time.
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